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ABSTRACT 


The  primary  objectives  of  this  program  were  to  select  optimum  materials  for  struc¬ 
tural  applications  in  cryogenic-fueled,  recoverable,  aerospace  vehicles,  and  to 
determine  the  effect  of  various  environmental  exposures  upon  the  mechanical  proper¬ 
ties  of  these  materials.  The  program  was  conducted  in  two  phases. 

phase  I  consisted  of  the  selection  of  an  optimum  material  for  application  in  each  of 
four  service  areas  in  aerospace  vehicles.  These  areas  included  external  structure, 
insulated  structure,  liquid-oxygen  tank,  and  liquid-hydrogen  tank.  Selection  of  mater¬ 
ials  was  based  upon  data  obtained  from  a  number  of  metal  producers,  and  from  a  test 
program  in  which  tensile  and  notched  tensile  tests  were  conducted  over  the  temperatiore 
range  from  -423°F  to  800®F  on  ten  of  the  most  promising  alloys.  Materials  were 
selected  on  the  basis  of  mechanical  and  physical  properties,  availability,  and  fabric- 
ability,  Materials  selected  were  Hastelloy  X  for  the  external  structure,  titanium- 
13V-ll-Cr-3Al  for  the  insulated  structure,  301  stainless  steel  for  the  liquid-oxygen 
tanks,  and  titanium-5Al-2.  5Sn  ELI  for  the  liquid-hydrogen  tanks.  Phase  I  test  data 
are  presented  and  the  results  of  the  test  program  and  literature  suirvey  are  discussed. 

The  objective  of  Phase  II  was  to  determine  the  effects  of  a  number  of  different  environ¬ 
mental  exposures  on  the  mechanical  properties  of  those  materials  selected  in  Phase  I 
of  the  program.  The  exposures  included  long-time  thermal  exposures  at  several 
elevated  temperatures  in  air,  oxygen  and/or  hydrogen  gas,  and  thermal  cyclic  expos¬ 
ures  from  cryogenic  to  elevated  temperatures.  Mechanical  property  data  included 
tensile,  notched  tensile  and  fusion- weld  tensile  properties,  static  and  axial  fatigue 
properties  of  large  welded  joints,  and  crack-propagation  properties.  These  data, 
and  the  results  of  metallographic  studies,  were  analyzed  to  determine  the  effect  of 
specimen  exposures  upon  mechanical  properties,  and  to  evaluate  the  suitability  of 
the  materials  for  their  selected  applications.  Conclusions  and  recommendations  are 
reported. 

This  technical  documentary  report  has  been  reviewed  and  is  approved. 


D.  A.  SHINN 

Chief,  Materials  Information  Branch 
Materials  Applications  Division 
AF  Materials  Laboratory 
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1  INTRODUCTION^ 


The  primary  objective  of  this  program  was  to  determine  the  effect  of  various  environ¬ 
mental  exposures  on  the  mechanical  properties  of  several  engineering  alloys  which 
may  be  employed  for  structural  applications  in  cryogenic-fueled,  recoverable,  aero¬ 
space  vehicles.  This  program,  conducted  in  two  phases,  was  limited  to  the  evaluation 
of  materials  for  four  major  structural  areas  of  the  vehicle  i.e. ,  1)  external  structure, 
2)  insulated,  non-tank  structure,  3)  liquid-oxygen  tank,  and  4)  liquid-hydrogen  tank. 

Phase  I  was  a  screening  study  consisting  of  an  evaluation  of  candidate  materials  for 
each  of  the  four  enumerated  service  areas.  This  study  included  a  literature  review, 
a  review  of  pertinent  data  generated  previously  on  related  programs  conducted  at  GD/A, 
and  a  limited  test  program  to  determine  the  mechanical  properties  of  several  promising 
materials  at  the  anticipated  service  temperatures.  The  purpose  of  this  study  was  to 
select  one  material  for  each  of  the  four  service  areas  to  be  evaluated  in  Phase  II  of 
the  program.  Candidate  materials  were  chosen  for  inclusion  in  the  screening  phase 
on  the  basis  of  strength -to -density,  adequate  toughness  at  service  temperatures,  com¬ 
patibility  with  fuels,  resistance  to  oxidation,  creep  and  fatigue  properties,  formability, 
weldability,  reasonable  cost,  and  availability  in  foil  gauges.  Emphasis  was  placed  on 
the  evaluation  of  very  thin-sheet,  or  foil-gauge,  (0.003-  to  0.013-inch  thickness) 
materials.  The  results  of  the  literature  survey  and  screening  tests  were  analyzed. 

Four  materials  were  selected  for  Phase  II  testing. 

The  Phase  II  study  consisted  of  determining  the  effects  of  various  environmental 
exposures  on  the  mechanical  properties  of  four  engineering  materials.  Actual 
service  exposures  are  dependent  upon  the  flight  profile.  For  the  purpose  of  this 
program  however,  the  following  exposure  conditions  were  evaluated  for  the  four 
major  structural  areas  of  interest; 


Hot  Structure  -  oxidizing  atmospheres,  temperature  range  75®  to  2200®F. 

Insulated,  Non-Tank  Structure  -  oxidizing  atmospheres,  temperature  range  75* 
to  800®F. 

Liquid  Oxygen  Tank  -  oxidizing  atmospheres,  temperature  range  -320®  to  800®F. 

Liquid  Hydrogen  Tank  -  liquid  and  gaseous  hydrogen  and  oxidizing  atmospheres, 
temperature  range  -423®  to  800® F. 


Manuscript  released  by  the  authors  (July  1963)  for  publication  as  an  ASD  Technical 
Documentary  Report. 
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The  mechanical  properties,  determined  after  exposure  to  the  above  conditions,  included 
tensile,  notched  tensile  and  fusion-weld  tensile,  crack- propagation,  and  axial-fatigue 
properties  at  the  minimum  anticipated  service  temperatures.  In  addition,  a  number  of 
metallographic  examinations  were  made  to  determine  the  effects  of  exposures  on  the 
microstructure.  The  results  of  Phase  II  testing  were  analyzed  to  determine  the  accept¬ 
ability  and  limitations  of  the  selected  materials  for  their  anticipated  service  applications. 

The  need  for  studies  of  this  type  is  emphasized  by  the  fact  that  a  high  degree  of  struc¬ 
tural  reliability  is  required  of  materials  repeatedly  subjected  to  severe  environmental 
conditions  and  that  very  little  literature  exists  on  this  topic  (References  1  through  7). 
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2  PHASE  I  -  SCREENING  STUDY 


2. 1  TEST  PROGRAM.  Although  the  major  portion  of  the  screening  study  consisted  of 
a  literature  survey  of  applicable  data,  it  was  found  that  the  lack  of  mechanical -property 
data  on  foil-gauge  materials  did  not  permit  an  accurate  assessment  of  the  candidate 
materials.  Therefore,  a  test  program  was  conducted  in  which  seven  hundred  tensile 
and  notched  tensile  tests  were  performed  at  temperatures  ranging  from  -423*  to  800®F 
on  ten  candidate  engineering  alloys.  The  purpose  of  this  program  was  to  provide 
sufficient  data  to  make  the  best  selection  of  materials  for  each  of  the  four  structural 
areas  for  Phase  n  evaluations. 

Information  provided  by  the  test  program  included  strength-to-density  ratios,  tensile 
ductility,  and  toughness,  as  determined  by  notched/unnotched  tensile  strength  ratios, 
each  as  a  fimction  of  temperature.  Additional  mechanical-property  and  physical- 
property  data,  and  information  on  fabricability,  cost,  and  availability  were  obtained 
from  a  literature  survey  and  from  inquiries  to  the  metal  producers. 

2.2  MATERIALS  AND  TEST  SPECIMENS.  The  materials  screen  tested  in  the  Phase 
I  program  included  the  following,  as  enumerated  for  each  of  the  service  areas: 

External  structure 
Hastelloy  X 
Haynes  25 
Hastelloy  R-235 
Rene  41 
Inconel  7 18 

Insulated  non -tank  structure 
Titanium -8AI-IM0-IV 
Titanium-13V-llCr-3Al 

Liquid-oxygen  tank 

301  EFH  stainless  steel 

Liquid-hydrogen  tank 

Titanium-5Al-2. 5SnELI  alloy 
310  FH  stainless  steel 

Each  of  the  candidate  materials  was  proposed  for  evaluation  based  on  one  or  more  of  the 
following  desirable  properties;  high  strength-to-density  ratio,  adequate  toughness  for 
structural  applications  at  cryogenic  temperatures,  good  fabricability,  good  corrosion 
resistance,  compatibility,  low  cost,  and  ready  availability  (References  8  through  19).  The 
history  and  nominal  chemical  analysis  of  each  of  the  materials  tested  in  Phase  I  are 
given  in  Table  1.  Typical  micro  structures  are  shown  in  Figures  2  through  11. 
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The  test  specimens  used  in  this  portion  of  the  program  included  standard  flat  (sheet) 
tensile  specimens  and  e(^e-notched  tensile  specimens.  The  stress  concentration 
factor  (Kt)  of  the  notched  specimens  is  6.3,  as  determined  by  the  equation 

K  =  ya/r 


where 


a  =  one  half  of  the  width  between  the  notches 
r  =  the  radius  of  the  notch 

The  stress  concentration  factor  is  7. 2  as  determined  by  Peterson’s  equation  (Reference 
20),  and  7.5  as  determined  by  Neuber's  concept  (Reference  21).  A  more  detailed 
description  of  the  test  specimens  is  given  in  Reference  22.  Drawings  of  the  tensile 
and  notched  tensile  specimens  are  shown  in  Figure  1. 

Particular  care  was  exercised  in  the  handling,  machining,  measurement,  etc.  of 
test  specimens  during  fabrication  and  testing  in  order  to  assure  reliable  and  consistent 
test  results.  Each  specimen  was  individually  examined  under  magnification  and 
measured.  Only  those  specimens  conforming  to  machining  prints  and  free  of  surface 
and  edge  defects  were  used  in  the  test  program. 

2.3  APPARATUS  AND  PROCEDURE.  The  apparatus  used  in  conducting  the  smooth  and 
notched  tensile  tests  consisted  of  three  universal  testing  machines,  with  maximum 
load  capabilities  of  10,  000,  30,  000,  and  50, 000  pounds.  Each  machine  is  equipped 
with  automatic,  continuous  stress-strain  recorders  and  strain  pacers.  The  moderately 
elevated  temperature  (600°  and  800°  F)  tests  were  performed  with  the  specimens  located 
within  vertical  resistance^ound  furnaces  mounted  on  the  test  machines  (see  Figures 
12  and  13).  The  extensometers,  located  below  the  furnace,  are  activated  by  vertical 
extension  arms,  the  upper  ends  of  which  are  clamped  to  the  specimen  inside  of  the  fur¬ 
nace.  The  tests  were  conducted  at  sub-zero  temperatures  and  performed  with  the 
specimens  immersed  in  an  appropriate  cryogenic  liquid  in  cryostats.  The  cryostats 
are  fitted  with  tension  rods  permitting  them  to  be  positioned  between  the  columns  on 
the  testing  machines  (see  Figure  14).  A  cryo-extensometer  assembly  (Figure  15) 
permits  a  continuous  recording  of  the  stress-strain  curves.  A  thorough  description 
of  the  liquid-hydrogen  cryostats,  cryo-extensometers,  and  accessory  equipment  (as 
well  as  the  safety  features,  rapidity  of  testing,  and  sequence  of  operations)  may  be 
found  in  References  22  and  23. 

Tensile  tests  were  conducted  at  75°F  (room  temperature) ,  at  -100°  F  by  immersion  in 
a  bath  of  dry  ice  and  alcohol,  at  -320°  F  by  immersion  in  liquid  nitrogen,  at  -423°  F  by 
immersion  in  liquid  hydrogen,  and  at  600°  and  800°  F  by  holding  in  electrically  heated 
furnaces.  Unnotched  tensile  tests  were  performed  at  a  strain  rate  of  0.  001  in. /in. /min 
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until  0.2-percent  offset  yield  strength,  followed  by  0. 15-in. /min  loading  rate  until 
specimen  failure  occurred.  Notched  tensile  tests  were  performed  at  a  loading  rate  of 
0.01-in. /min  until  failure.  Elongation  measurements  were  made  over  two-inch  gauge 
lengths  made  by  very  light  scribe  marks  on  a  surface  dye. 

2.4  RESULTS  AND  DISCUSSION.  The  results  will  be  presented  and  discussed  indi¬ 
vidually  for  each  of  the  four  service  areas  in  order  to  provide  maximum  clarification 
and  interpretation  of  the  experimental  results.  Several  correlations  between  the  data 
for  the  materials  of  one  service  area  and  another  are  noted,  and  graphs  showing  pro¬ 
perties  of  all  the  alloys  on  a  strength -to -density  basis  are  presented. 

2.4. 1  Materials  for  External  Structure.  A  number  of  commercially  available  nickel- 
and  cobalt -base  alloys  have  been  developed.  These  alloys  possess  relatively  high 
strengths  at  elevated  temperatures,  good  oxidation  and  corrosion  resistance,  and  are 
ductile,  formable,  and  weldable.  The  alloys  evaluated  for  service  in  the  external  struc¬ 
ture  were  Hastelloy  X,  Hastelloy  R-235,  Rene"  41,  and  Inconel  718  nickel-base  alloys 
and  Haynes  25  cobalt-base  alloy. 

Inconel  718  is  a  recently  commercialized  age-hardenable  nickel-base  alloy  that  has 
good  strength,  creep  resistance,  and  ductility  properties  at  temperatures  up  to  approxi¬ 
mately  1300°  F,  and  is  formable  and  weldable.  Hastelloy  R-235  and  Rene"  41  are  also 
nickel -base,  precipitation -hardenable  alloys  which  have  useful  engineering  properties 
to  approximately  1600°F.  In  the  temperature  range  of  1600°  F  to  approximately  1900°F, 
Hastelloy  X  and  Haynes  25,  in  the  solution-treated  condition,  possess  good  combinations 
of  mechanical  properties  and  oxidation  resistance. 

Other  alloys  initially  included  for  consideration  were  the  nickel-base  alloys  Udimet 
500  and  Udimet  700,  but  both  were  eliminated  after  it  was  determined  that  they  are 
neither  available  nor  procurable  within  a  reasonable  time,  in  thin  sheet  or  foil  form. 

In  addition  to  information  obtained  from  literature  and  from  the  metal  producers,  a 
limited  test  program  was  conducted  on  five  of  the  more  promising  nickel-  and  cobalt- 
base  alloys.  The  history  and  nominal  chemical  composition  of  these  alloys  are  given  in 
Table  1.  The  results  of  tensile  and  notched  tensile  tests  from  -423°F  to  800°F  are 
given  in  Figures  16  through  23.  The  yield  strength  and  tensile  strength -to-density 
ratios,  as  a  function  of  temperature,  are  given  in  Figures  28  and  29. 

Because  a  number  of  present  aerospace  vehicle  design  concepts  may  require  that 
portions  of  the  hot  structure  be  subjected  to  very  low  temperatures,  knowledge  of  the 
mechanical  properties  of  these  alloys  is  desirable  over  the  entire  spectrum  of  tempera¬ 
tures.  Although  considerable  data  exist  on  many  of  these  alloys  at  both  cryogenic  and 
elevated  temperatures  (Reference  8  through  11),  it  was  found  that  most  of  the  data 
were  on  thicker  sheet  and  in  heavily  cold  rolled  or  aged  tempers.  The  screening  tests 
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were  performed  on  materials  in  the  form  (thin  sheet)  and  temper  (annealed  or  slightly 
cold  rolled)  required  for  a  majority  of  the  Aerospace  vehicle  external  structural  areas. 

An  analysis  of  the  screening  test  data  indicates  that  the  Hajmes  25  alloy  exhibited 
unusually  low  elongation  values  at  all  testing  temperatures  (see  Figure  16).  However, 
the  notched  tensile  strengths  and  notched/unnotched  tensile  strength  ratios  remained 
high  at  all  temperatures  down  to  -423^,  indicating  a  high  order  of  resistance  to 
brittle  fracture.  Other  significant  features  are  the  generally  lower  tensile  strengths 
and  higher  yield  strengths  at  all  testing  temperatures  from  room  temperature  to  800® F, 
as  compared  to  normal  values  given  in  the  literature  for  the  Haynes  25  alloy. 

The  Haynes  R-41  (Rene^41),  Hastelloy  R-235,  Hastelloy  X,  and  Inconel  718  alloys  are 
all  characterized  by  the  retention  of  high  ductilities,  as  evidenced  by  elongation  values 
and  relatively  constant  notched/unnotched  tensile -strength  ratios  over  the  entire 
temperature  range  from  -423°F  to  800‘^F  (see  Figures  16  through  23).  While  the  notched/ 
unnotched  ratios  are  below  unity  for  all  these  alloys  (generally  taken  as  a  sign  of  reduced 
toughness  and  resistance  to  crack  propagation),  the  fact  that  the  notched  tensile  speci¬ 
mens  exhibited  considerable  deformation  prior  to  fracture,  that  the  notched  tensile 
strength  increased  continuously  with  decreasing  temperatures  (see, Figures  20  and  21), 
and  that  the  notched/unnotched  strength  ratios  did  not  decrease  with  decreasing  test 
temperatures  (see  Figures  22  and  23)  indicates  that  the  overall  resistance  of  these  alloys 
to  brittle  fracture  remains  as  good  down  to  liquid  hydrogen  temperature  as  it  is  at 
room  temperature.  It  is  therefore  believed  that  all  of  the  superalloys  tested  can  be 
used  reliably  for  applications  involving  service  at  extreme  sub-zero  temperatures. 

The  strengths  of  the  annealed  and  slightly  cold -worked  superalloys,  except  that  of  the 
Haynes  25  alloy,  are  within  the  normal  ranges  expected  for  these  materials. 

The  selection  of  materials  for  the  external  structural  components  allows  for  multiple 
choices,  depending  upon  the  operating  temperature  of  specific  components  or  areas  of 
the  vehicle.  In  actual  design,  of  course,  it  is  anticipated  that  materials  will  be 
selected  which  have  optimum  properties  permitting  the  design  of  minimum  weight 
structures  for  the  particular  regimes  of  stress,  temperature,  and  other  environments 
to  be  encovmtered  in  service.  Hence,  no  one  metal  or  alloy  will  satisfy  the  manifold 
requirements  for  the  external  structural  area. 

A  large  number  of  alloys  are  available  for  use  in  the  temperature  range  of  1000°F  to 
1300°F.  Many  of  them  are  precipitation-hardenable,nickelr-base  alloys  in  the  heat-treated 
condition,  such  as  Rene  41,  Hastelloy  R-235,  or  Inconel  718  (the  Udimet  500  and  700 
alloys  are  not  included  since  neither  is  available  in  thin  sheet  or  foil  stock  nor  is  ex¬ 
pected  to  be  for  some  time).  The  strengths  of  all  these  alloys,  with  the  exception  of 
the  Udimets,  fall  off  rapidly  in  the  temperature  range  of  1300°F  to  1600°F. 
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For  applications  involving  low  loads,  Hastelloy  X,  Inconel  X,and  Haynes  25  should  be 
considered  for  use  since  they  are  available  in  a  large  variety  of  shapes  and  sizes  and 
they  are  readily  formed  and  welded.  Much  information  is  available  on  their  properties, 
and  manufacturing  experience  is  readily  available.  Hastelloy  X  and  Haynes  25  are 
especially  attractive  since  they  are  used  in  the  solution-treated  condition,  and  weld 
efficiencies  will  therefore  approach  100  percent.  Inconel  X  will  develop  lower  weld 
efficiencies  since  this  alloy  derives  most  of  its  strength  through  an  aging  treatment. 

Rene^41,  Hastelloy  R-235,and  Haynes  25  possess  sufficient  strength  and  stability  above 
1300°  F  to  approximately  1600°F  to  be  useful  at  moderate  and  low  loads.  Above  1600°  F, 
the  selection  of  material  becomes  more  difficult.  Most  of  the  alloys  decrease  in  strength 
very  rapidly  and  are  rather  unstable,  and  many  of  them  are  prone  to  rapid  oxidation. 

The  alloy  having  the  best  resistance  to  oxidation  at  temperatures  in  the  range  of  1600°F 
to  2200°F  is  Hastelloy  X,  but  this  alloy  is  quite  low  in  short-time  creep  strength  over 
this  temperature  range.  At  1800°F,  one  percent  total  creep  deformation  (non-recover- 
able  elongation)  will  occur  in  ten  hours  at  a  stress  level  of  6000  psi,  whereas  the  ten¬ 
sile  strength  is  22,  000  psi  and  the  0.  2-percent  yield  strength  is  15,  000  psi.  At  2000°F, 
the  tensile  strength  is  13,  000  psi  and  the  0.  2-percent  yield  strength  is  8000  psi.  The 
one  percent  creep-deformation  strength  is  not  accurately  ascertained  at  2000°F,  but 
is  likely  to  be  less  than  4000  psi. 

Some  of  the  hot  structural  area  design  concepts  envision  the  use  of  thin  sheet  and  foil 
materials  as  cover  sheeting  over  composite  thermal  protection  systems  where  the  loads 
on  the  cover  plate  will  be  extremely  low,,  and  a  high  order  of  oxidation  resistance  is 
required.  For  this  reason,  Hastelloy  X,  in  spite  of  its  low  strength  and  poor  creep 
resistance  at  elevated  temperatures,  is  of  considerable  interest  and  was  selected  for 
the  Phase  II  evaluation  program. 

2.4.2  Materials  for  Insulated  Structure.  Two  sheet  alloys  are  considered  for  appli¬ 
cation  as  structural  materials  within  the  insulated  portions  of  an  Aerospace  vehicle.  These 
portions  are  not  subjected  to  cryogenic  temperatures  from  contact  with  the  liquid  fuels, 
or  to  highly  elevated  temperatures  resulting  from  aerodynamic  heating.  Both  materials 
considered  are  titanium  alloys:  the  13V-llCr-3Al-Ti  all  beta  alloy  in  the  annealed 
condition,  and  the  8Al-lMo-lV-Ti  non-heat  treatable  alpha  alloy.  Both  of  these  alloys 
exhibit  excellent  for mability  and  weldability,  good  strength,  fracture  resistance,  and 
ductility  properties  at  temperatures  up  to  800°F  to  1000°F,  and  good  resistance  to 
deformation  under  load  at  temperatures  up  to  600°F  to  800°F.  The  strength-to-weight 
ratios  of  both  of  these  alloys  are  equivalent  to  those  of  alloy  steels  heat-treated  to 
250,  000  and  260,  000  psi. 

Both  of  these  titanium  alloys  have  been  extensively  investigated  and  developed  under  the 
Department  of  Defense  Titanium  Sheet  Rolling  Program,  and  sheet  production  methods 
have  been  established.  While  the  13V-llCr-3Al-Ti  alloy  has  been  successfully  produced 
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in  foil  gauges,  it  has  recently  been  found  that  the  8Al-lMo-lV-Ti  sheet  cannot  be 
furnished  in  thicknesses  below  approximately  0.020  inch. 

Smooth  and  notched  tensile  strengths  were  determined  on  these  alloys  over  the  temperature 
range  from  75°F  to  800°F  and  are  reported  in  Figures  24  and  25. 

The  ductilities  and  notched/unnotched  strength  ratios  of  the  two  titanium  alloys,  8A1- 
IMo-lV  and  13V-llCr-3Al-titanium,  considered  for  the  insulated  non-tank  structural 
areas,  are  high  over  the  entire  range  of  temperatures  from  room  to  800°F.  The 
8AI-IM0-IV  alloy  is  approximately  15,000  to  20,  000  psi  stronger  than  the  13V-llCr-3Al 
alloy  at  room  temperature,  but  their  strengths  are  almost  equal  at  600°F  to  800°F. 

Plots  of  tensile  strength/ density  and  yield  strength/ density  ratios  versus  test  tempera¬ 
ture  of  all  the  alloys  are  shown  in  Figures  28  and  29.  These  curves  are  based  on 
longitudinal  tensile  properties.  The  alloy  showing  the  highest  ratio  of  strength-to- 
density  over  the  range  of  room  temperature  to  800°F  is  the  8Al-lMo-lV-titanium 
alloy,  and  this  superiority  would  undoubtedly  prevail  down  to  extreme  sub-zero 
temperatures.  However,  this  alloy  was  considered  unsuitable  for  use  as  a  cryogenic 
fuel  tankage  material  for  liquid  oxygen  because  of  the  incompatibility  of  thin-skinned 
titanium  structures  with  liquid  and  gaseous  oxygen  (References  24  through  26)  and  for 
liquid  hydrogen  tankage  because  of  the  reduced  toughness  and  poor  resistance  to  crack 
propagation  at  -423°F.  Previous  GD/A  tests,  conducted  on  0. 096 -inch- thick  sheet, 
showed  that  the  8Al-lMo-lV-titanium  alloy  has  considerably  reduced  ductility  and  a 
notched  tensile  strer^th  considerably  lower  than  its  yield  strength  at  -423°F  (Refer¬ 
ence  13).  Previous  tests  on  the  13V-llCr-3Al -titanium  alloy  have  shown  that  this 
alloy  is  also  not  acceptable  for  structural  applications  at  cryogenic  temperatures 
(Reference  12).  However,  since  some  designs  indicate  that  insulated  structural  areas 
will  not  likely  be  subjected  to  sub-zero  temperatures,  these  titanixrm  alloys,  as  well 
as  a  number  of  high  strength  alloy  steels,  nickel  steels,  and  precipitation-hardening 
stainless  steels,  could  be  used. 

For  structural  applications,  from  room  temperature  to  approximately  1000°F,  alloy 
steels  are  probably  best  on  a  basis  of  density -compensated  strength  and  elastic -modulus 
considerations.  However,  when  buckling  and  bending  are  important  design  criteria, 
titanium  alloys  generally  supersede  the  steels.  A  major  problem  with  the  low-  and 
medium-alloy  steels,  and  with  prec  ip  Ration -hardenable  stainless  steels  such  as  PH 
15 -7 Mo  or  AM  355,  is  that  they  require  heat  treatment  to  develop  high  strengths. 

While  this  treatment  is  feasible  in  small  sizes  and  thicker  sections,  it  becomes  a  very 
difficult,  if  not  impracticable,  procedure  in  large  sections  and  assemblies  fabricated 
from  thin  sheet  and  foil  stock.  While  the  new  20  and  25  percent  nickel  steels  may  be 
hardened  by  more  simple  heat  treatments  involving  substantially  lower  temperatures, 
the  problem  attendant  upon  aging  large  complex  structures  of  very  thin  sections  make 
it  desirable  to  eliminate  the  need  for  heat  treatment. 
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Based  on  the  above  discussion,  the  selection  of  titanium  alloys  which  require  no  heat 
treatment,  are  weldable,  formable,  and  possess  good  combinations  of  ductility  and 
resistance  to  crack  propagation,  appears  justified  for  the  insulated  non-tank  structural 
area.  Of  the  two  alloys  considered  for  these  applications,  the  8AI-IM0-IV  titanium 
alloy  is  somewhat  stronger  at  room  temperature,  but  this  advantage  disappears  at 
600®F .  The  minimum  thickness  in  which  this  alloy  can  currently  be  procured  is 
0.020-inch  and  the  producing  industry  holds  out  little  promise  of  supplying  this  alloy 
in  foil  gauges  up  to  0.010-inch  before  a  year  or  more.  On  this  basis,  the  13V-llCr- 
3Al-titanium  alloy  was  selected  for  the  more  intensive  Phase  II  evaluation  tests. 


2.4.3  Materials  for  Liquid -Oxygen  Tank.  It  was  possible  to  select  the  material  for 
liquid-oxygen  tankage  application  on  the  basis  of  extensive  prior  experience  developed 
at  GD/A  in  the  course  of  development  and  production  of  the  Atlas  missile.  Extra  hard, 
cold-rolled,  301  stainless  steel  sheet,  procured  to  GD/A  Specification  0-71004,  has 
been  used  for  the  fuel  and  liquid -oxygen  tanks  of  the  Atlas,  and  extensive  experience 
has  been  gained  in  the  production  of  large  structures  using  this  material  in  sheet  thick¬ 
nesses  in  the  range  of  0.010-inch  to  approximately  0.030-inch.  Various  tempers  of 
this  alloy  have  been  deep-drawn,  stretch-formed,  and  welded  into  components,  such  as 
10-  and  12-foot-diameter  propellant  tanks,  bulkheads,  ducting,  and  other  complex 
shapes.  Much  mechanical  property  data,  including  strength  properties  of  base  metal 
and  weld  joints  and  fatigue  resistance  of  complex  welded  joints,  are  already  available 
on  this  material  over  the  temperature  range  of  -423'’F  to  room  temperature  (References 
14  through  17,  and  27  through  29). 

Several  tests  were  performed  on  the  EFH  cold-rolled  301  stainless  steel  in  0.010-inch- 
thick  sheet  from  -423‘'F  to  800°F  (see  Figures  26  through  29).  The  test  data  show  that 
this  material  suffers  a  loss  of  short-time  tensile  strength  in  the  range  of  40  to  50  ksi 
at  600*F  to  800°F  as  compared  to  the  room  temperature  values.  This  alloy,  in  common 
with  all  metals,  undergoes  an  increase  in  tensile  strength  at  cryogenic  temperatures. 

2.4.4  Materials  for  Liquid-Hydrogen  Tank.  Two  materials  were  considered  as 
candidates  for  application  in  the  liquid-hydrogen  tanks:  cold-rolled  310  stainless 
steel  and  the  titanium-5Al-2.  5Sn  alloy.  The  301  stainless  steel  is  not  recom¬ 
mended  for  use  at  -423®F  because  both  the  base  metal  and  weld  joints  can  mani¬ 
fest  brittle  behavior  at  liquid-hydrogen  temperature  (References  15  and  16,  27  through 
29).  The  17Cr-7Ni  (Type  301)  stainless  steel  is  normally  completely  austenitic  when 
cooled  from  an  elevated  temperature.  However,  when  the  alloy  is  cold-worked  at  room 
or  moderately  elevated  temperatures,  some  decomposition  to  martensite  occurs.  The 
amount  formed  increases  with  increasing  cold  work.  In  the  extra-hard,  cold-rolled 
condition  (approximately  60-percent  cold  reduced),  the  alloy  consists  of  approximately 
60-  to  70-percent  martensite,  with  the  remainder  being  austenite.  The  resulting  low- 
carbon  martensite  retains  excellent  ductility  and  resistance  to  brittle  fracture  at 
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temperatures  down  to  at  least  -320°F.  But,  depending  upon  carbon  content,  amount  of 
cold  reduction,  processing  variables,  etc. ,  it  may  exhibit  a  significant  degree  of 
embrittlement  at  -423°F.  The  considerable  heat-to-heat  variation  in  the  mechanical 
properties  of  301  steel  at  -423°F  makes  this  alloy  unreliable  for  liquid-hydrogen  tankage. 

The  25Cr-20Ni  (Type  310)  stainless  steel  is,  on  the  other  hand,  a  completely  stable 
austenitic  alloy  and  will  not  undergo  any  transformation  to  martensite,  even  when 
severely  cold  rolled  at  room  temperature  and  strained  to  fracture  at  -423°F  (Reference 
18).  This  alloy  cannot,  however,  be  cold-rolled  to  as  high  a  strength  as  Type  301, 
since  hardening  of  the  latter  alloy  is  achieved  through  two  mechanisms:  cold-working 
of  austenite,  and  transformation  to  martensite.  T3rpe  301  extra  hard,  cold-rolled 
stainless  steel  sheet,  procured  to  GD/A  Specification  0-71004,  has  a  minimum  yield 
strength  of  160, 000  psi  and  a  minimum  tensile  strength  of  200,000  psi  at  room  temper¬ 
ature.  Type  310,  when  cold-rolled  75  percent  (as  compared  to  60  percent  for  Type 
301,  to  meet  the  requirements  of  GD/A  Specification  0-71017)  has  a  minimum  yield 
strength  of  140,000  psi  and  a  minimum  tensile  strength  of  180,000  psi. 

T3q)e  310  cold-rolled  stainless  steel  sheet  has  been  extensively  tested  at  sub-zero 
temperature  down  to  -423°F  and  the  strength,  resistance  to  fracture,  and  fatigue 
resistance  of  base  metal  and  weld  joints  have  been  thoroughly  evaluated  in  sheet  mater¬ 
ial  ranging  from  0.010-inch  to  0. 025-inch  thickness  (References  15,  18,  27,  and 
29).  This  material  is  now  being  thoroughly  evaluated  at  GD/A  for  use  in  the  Centaur 
high-energy,  upper  stage  vehicle,  which  employs  liquid-hydrogen  and  liquid-oxygen 
propellants. 

The  second  alloy  being  considered  for  liquid -hydrogen  tankage  is  the  5A1-2. 5Sn- 
titanium  alloy  in  the  ELI  (Extra  Low  Impurity)  grade  developed  cooperatively  by  the 
Titanium  Metals  Corporation  of  America  and  GD/A.  Work  at  GD/A  showed  that  when 
the  interstitial  impurity  elements  (particularly  oxygen  and  iron)  are  kept  low,  the  alloy 
retains  a  very  high  level  of  ductility  and  resistance  to  brittle  fracture  in  both  base 
metal  and  weld  joints  at  temperatures  down  to  -423°F  (Reference  19).  Based  on  this 
work,  GD/A  Specification  0-71010  was  developed  to  cover  the  procurement  of  low 
impurity  titanium-5Al-2.  5Sn  alloy  sheet  for  use  in  cryogenic  temperature  applications. 
Several  heats  of  this  material,  ranging  in  thickness  from  0.012  to  0.025-inch  have 
been  evaluated  at  GD/A  over  the  temperature  range  from  room  temperature  down  to 
-423°F,  and  have  been  found  to  possess  excellent  combinations  of  strength,  ductility, 
brittle  fracture  resistance,  and  fatigue  resistance  in  both  base-metal  and  weld-joint 
configurations  (References  19  and  22). 

Titanium  and  titanium  alloys  exhibit  a  particularly  significant  increase  in  both  yield 
and  tensile  strengths  with  decreasing  temperature  and  are  approximately  twice  as 
strong  at  -423°F  than  at  room  temperature.  By  comparison,  aluminum  alloys  and 
austenitic  steels  generally  undergo  only  25  to  50  percent  increases  in  yield  strength 
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and  40  to  60  percent  increases  in  tensile  strength  over  the  same  temperature  range. 
Thus,  while  the  strength/density  ratio  of  the  titanium-5Al-2. 5Sn  alloy  is  only  slightly 
higher  than  that  of  extra-hard,  cold-rolled  301  stainless  steel  at  room  temperature, 
the  titanium  alloy  has  a  50  percent  higher  strength/density  ratio  at  -423°F.  Conse¬ 
quently,  for  structures  that  experience  maximum  stresses  at  cryogenic  temperatures, 
the  use  of  low -temperature  design  allowables  permits  significant  weight  savings  in 
the  case  of  titanium  alloys. 

Unfortunately,  the  high  chemical  reactivity  of  thin-skinned  titanium  and  titanium  alloys 
with  both  gaseous  and  liquid  oxygen  precludes  its  use  for  oxygen  tanking.  Extensive 
tests,  conducted  both  at  GD/A  (References  24  and  26)  and  the  Marshall  Space  Flight 
Center  of  NASA,  involving  the  puncturing  of  pressurized,  thin  diaphragms  of  titanium, 
fracturing  of  welded  joints  by  static  tensile  and  cyclic  loads,  simulated  micrometeoroid 
penetration  tests,  and  the  detonation  of  explosive  charges  in  the  vicinity  of  thin  titanium 
sheet  in  the  presence  of  liquid  and  gaseous  oxygen,  have  demonstrated  the  marked 
tendency  of  titanium  to  undergo  violent  deflagration  and  combustion  in  the  oxygen 
environment. 

Data  obtained  from  the  screening  tests  on  the  titanium-5Al-2. 5Sn  alloy  and  310  stainless 
steel  are  given  in  Figures  26  through  29.  The  titanium -5 A1 -2.  5Sn  alloy  possesses 
higher  yield  and  tensile  strength-to-density  ratios  than  310  stainless  steel  at  room 
and  cryogenic  temperatures,  but  not  at  the  600°F  to  800°F  temperature  range  because 
of  the  significantly  greater  decrease  in  strength  at  elevated  temperatures  for  the 
titanium  alloy  than  for  the  310  stainless  steel.  The  screening  test  data  indicated  that 
both  of  the  candidate  materials  remain  tough  over  the  temperature  range  from  -423°F 
to  800°F. 

The  material  selected  for  the  liquid -hydrogen  tankage  application  is  the  5Al-2.5Sn- 
titanium  alloy  (ELI  grade)  for  the  following  reasons: 

a.  Higher  tensile  strength -to -weight  ratio,  as  compared  to  310  stainless  steel  over 
the  entire  range  of  temperatures  from  -423°F  to  300°F,  and  higher  yield  strength- 
to-weight  ratios  up  to  500°F. 

b.  Ability  to  develop  100-percent  weld-joint  strength  efficiency  with  simple  fusion 
buttwelds,  whereas  the  cold-rolled  stainless  steel  requires  doubler  sheet  rein¬ 
forcement  because  of  the  weakening  effect  of  the  annealed  fusion  weld. 

c.  Extremely  high  fatigue  resistance  of  fusion  butt  welds  in  the  titanium  alloy  at 
extreme  sub-zero  temperatures. 
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3  PHASE  n  -  EFFECTS  OF  THERMAL  EXPOSURES 


3 . 1  TEST  PROGRAM.  The  purpose  of  the  Phase  II  test  program  was  to  determine 
the  effects  of  various  environmental  exposures  on  the  mechanical  properties  of  those 
engineering  materials  selected  in  the  first  phase  of  the  investigation  for  each  of  the 
four  previously  mentioned  service  areas.  The  test  program  consisted  of: 

a.  The  determination  of  those  mechanical  properties  of  interest  for  the  selected 
materials  in  the  as-received  condition  in  order  to  determine  base-line  properties. 

b.  Exposure  of  additional  specimens  to  various  environmental  exposures,  followed 
by  measurement  of  the  desired  mechanical  properties  of  the  exposed  specimens. 

c.  An  analysis  of  the  test  results  to  determine  the  effects  of  the  exposures. 

Mechanical  properties  were  determined  with  a  minimum  of  five  replicate  test  specimens 
per  condition.  Because  the  exposure  and  test  conditions  were  different  for  each  of  the 
materials  for  the  four  service  areas,  they  will  be  discussed  individually. 

The  tests  performed  on  the  as-received  Hastelloy  X  (the  material  selected  for  the 
external  hot  structure)  consisted  of  determining  the  tensile,  notched  tensile,  and 
fusion- weld  tensile  properties  at  75°F  on  0.005-  and  0.010-inch-thick  sheet  material. 

Environmental  exposures  consisted  of: 

a.  One  hundred  hour  thermal  exposures  at  1600®,  1800®,  2000®,  and  2200®F  in  air 
on  unstressed  0.005-  and  0.010-inch-thick  tensile  specimens. 

b.  Thermal  cyclic  exposures  from  75®  to  1600®,  1800®,  2000®,  and  2200®F  in  air  for 
100  cycles  at  ten  minutes  exposure  time  per  cycle  on  0.005-  and  0.010-inch-thick 
tensile,  notched  tensile ,  and  weld  tensile  specimens. 

c.  Oxidation  exposures  at  reduced  partial  pressures  of  oxygen  which  consisted  of 
one  hundred  hour  thermal  exposures  at  1600®,  1800®,  2000®,  and  2200®F  at  each 
of  two  partial  pressures  (0. 1  and  1.  0  psig)  of  oxygen  in  a  helium  atmosphere  on 
0.005-  and  0.010-inch-thick  notched  tensile  specimens. 

d.  Spalling  exposures  which  consisted  of  cyclic  thermal  exposures  from  75°  to  1800°F 
in  each  of  two  partial  pressures  (0. 1  and  1.0  psig)  of  oxygen  in  a  helium  atmos¬ 
phere  for  one  hundred  cycles  at  thirty  minutes  exposure  time  per  cycle  on  0.005- 
and  0. 010 -inch-thick  notched  tensile  specimens. 

After  the  various  exposures,  the  tensile,  notched  tensile,  and  fusion-weld  tensile 
specimens  were  tested  at  75°F.  Visual  and  metallographic  (X-ray  and  electron  micro¬ 
scopic,  when  necessary)  examinations  were  conducted  on  the  fractured  test  specimens. 
The  results  were  then  analyzed  to  determine  the  effects  of  the  various  exposures  on  the 
mechanical  properties  of  interest. 
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Tensile,  notched  tensile,  fusion-weld  tensile,  and  axial-fatigue  tests  were  conducted 
at  on  the  as-received  titanium- 13V- llCr-3Al  alloy  in  0.005-  and  0.  010-inch-thick 
sheet.  Environmental  exposures  consisted  of: 

a.  One  hundred  hour  thermal  exposures  in  air  at  400®,  600®,  and  800®F  on  0.005- 
and  0.010-inch-thick  tensile  specimens  and  0.010-inch-thick  fusion- welded  axial- 
fatigue  specimens. 

b.  Thermal  cyclic  exposures  from  75°  to  400°,  600°,  and  800°F  in  air  for  one  hundred 
cycles  at  ten  minutes  exposure  time  per  cycle  on  0.005-  and  0.010-inch-thick- 
tensile,  notched  tensile,  and  fusion-weld  tensile  specimens. 

c.  Oxidation  exposures  at  reduced  partial  pressures  of  oxygen  (0. 1  and  1. 0  psig)  in  a 
helium  atmosphere  for  one  hundred  hours  at  400°,  600°,  and  800°F  on  0.005-  and 
0.010-inch-thick  notched  tensile  specimens. 

All  exposed  specimens  were  subsequently  tested  at  75°F,  and  the  fractured  specimens 
were  examined  visually  and  by  metallographic  means .  The  results  were  analyzed  to 
determine  the  effects  of  the  exposure  conditions  on  the  mechanical  properties  of  the 
titanium-13V-llCr-3Al  alloy. 

Type  301  stainless  steel,  selected  for  liquid-oxygen  tank  applications,  was  evaluated 
in  three  thicknesses  (0.003,  0.006,  and  0.010-inch)  in  the  extra  full-hard,  cold-rolled 
temper.  Tests  on  the  as-received  material  included  tensile,  notched  tensile,  fusion- 
weld  tensile,  axial  fatigue  of  complex  welded  joints,  and  crack-propagation  tests 
conducted  at  75°  and  -320°F.  Environmental  exposures  consisted  of; 

a.  One  hundred  hour  thermal  exposures  at  400°,  600®,  and  800®F  in  air  on  tensile 
specimens  of  all  three  thicknesses  and  on  0.010-inch-thick  axial-fatigue  and 
crack- propagation  specimens. 

b.  Thermal  cyclic  exposures  from  -320°  to  400°,  600°,  and  800°F  in  liquid  nitrogen  at 
the  low  temperature  and  in  air  at  the  elevated  temperatures  for  one  hundred 
cycles  at  ten  minutes  exposure  time  per  cycle  on  tensile,  notched  tensile,  and 
fusion-weld  tensile  specimens  of  all  three  gauges  and  on  0.010-inch-thick  crack- 
propagation  specimens. 

c.  Oxidation  exposures  at  0. 1-  and  1. 0-psig  partial  pressures  of  oxygen  in  a  helium 
atmosphere  for  one  hundred  hours  at  400°,  600°,  and  800°F  on  notched  tensile 
specimens  of  all  three  gauges.  Exposed  specimens  were  subsequently  tested  for 
mechanical  properties  at  -320°F,  and  the  fractured  specimens  were  examined. 

The  results  were  analyzed  to  determine  the  effects  of  the  various  exposures  on 
the  properties  of  EFH  301  stainless  steel. 

The  material  selected  for  the  liquid-hydrogen  tanks  (titanium-5Al-2.  5Sn  ELI)  was 
evaluated  in  the  annealed  temper  in  0.006-  and  0.  013-inch-thick  sheet.  Mechanical 
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properties  on  the  as-received  material  were  determined  at  75°  and  -423°F  and  included 
tensile,  notched  tensile,  fusion-weld  tensile,  and  axial-fatigue  and  crack- propagation 
tests.  Environmental  exposures  consisted  of; 

a.  One  hundred  hour  thermal  exposures  at  400°,  600°,  and  800°F  in  air  on  0.006- 
and  0.013-inch-thick  tensile  specimens  and  0.  013-inch-thick  axial-fatigue  and 
crack-propagation  specimens. 

b.  Thermal  cyclic  exposures  from  -423°  to  400°,  600°,  and  800°F  in  liquid  hydrogen 
at  the  low  temperature  and  in  air  at  elevated  temperatures  for  one  hundred  cycles 
at  ten  minutes  exposure  time  per  cycle  on  tensile,  notched  tensile,  and  fusion- 
weld  tensile  specimens  of  0.006-  and  0.013-inch  thickness  and  0.013-inch-thick 
crack- propagation  specimens. 

c.  Oxidation  exposures  in  0. 1-  and  1. 0-psig  partial  pressures  of  oxygen  in  helium 
atmosphere  for  one  hundred  hours  at  400°,  600°,  and  800°F  on  0.  006-  and  0.  013- 
inch-thick  notched  tensile  specimens  and  0.  013-inch-thick  crack-propagation 
specimens. 

d.  Hydrogen  diffusion  exposures  on  0.  013-inch-thick  notched  tensile  and  crack- 
propagation  specimens.  The  hydrogen  exposures  were  performed  on  both 
stressed  (an  applied  mechanical  load  of  about  fifteen  percent  of  the  material's 
tensile  strength  at  temperature)  and  unstressed  specimens.  Exposures  were 
made  for  one-half  hour,  five  hours,  and  fifty  hours  at  400°,  600°,  and  800°F, 
in  three  pressures  (0. 1  and  1.  0  psig  and  15.  0  psia)  of  hydrogen  gas. 

Tests  on  the  exposed  specimens  were  performed  at  -423°F.  Fractured  specimens 
were  then  examined  visually  and  by  metallographic  means.  The  test  data  were  analyzed 
to  determine  the  effects  of  various  exposures  on  the  mechanical  properties  of  the 
titanium-5Al-2.  5Sn  ELI  alloy. 

A  total  of  nearly  1500  specimen  tests  and  350  metallographic  examinations  were  per¬ 
formed  in  Phase  II. 

3.2  MATERIALS  AND  TEST  SPECIMENS.  The  materials  selected  for  the  Phase  II 
test  program  included  Hastelloy  X  nickel-base  alloy,  cold-rolled  EFH  301  stainless 
steel,  Ti-13V-llCr-3Al  and  Ti-5Al-2.5Sn  ELI  titanium-base  alloys.  The  history  and 
chemical  analyses  of  these  materials  is  given  in  Table  2 . 

The  Hastelloy  X  was  evaluated  in  two  thicknesses,  0.  005  and  0.  010  inch.  Both  gauges 
were  ordered  in  the  annealed  temper.  However,  the  test  data  indicate  that  an  appre¬ 
ciable  amount  of  cold  work  remained  in  the  0.  005-inch-thick  Hastelloy  X.  The  titanium- 
13V-llCr-3Al  alloy  was  also  evaluated  in  the  annealed  temper  in  0.  005-  and  0.  010-inch- 
thick  sheet.  301  stainless  steel  was  evaluated  in  the  extra-full-hard  cold-rolled  temper 
in  the  0.  003-,  0.006-,  and  0.  010-inch  gauges.  Except  for  the  elongation  on  the  0.006- 
inch -thick  material,  each  of  three  heats  of  301  stainless  steel  met  the  requirements  of 
GD/A  specification  0-71004(160  ksi  minimum  0.2-percent  yield  strength,  180  ksi  min- 
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imum  tensile  strength,  and  2. 0-percent  minimum  elongation).  Each  of  the  above 
materials  were  purchased  in  the  desired  gauges.  In  the  case  of  the  titanium-5Al- 
2.  5Sn  ELI  alloy,  however,  the  minimum  gauge  which  could  be  commercially  produced 
was  0.013-inch-thick.  Since  data  on  thinner  gauge  material  was  most  desirable,  spec¬ 
imen  blanks  (1-1/2  inches  wide  by  9  inches  long)  were  sheared  from  the  0.013-inch- 
thick  material  and  rolled  to  0.006-inch  thickness  on  a  six-inch  wide,  two-high,  labor¬ 
atory  rolling  mill  at  GD/A  Advance  Materials  Research  Laboratory.  Intermediate 
anneals  were  not  required  and  edge  cracking  did  not  occur  until  after  55-  to  60-percent 
reduction.  The  required  120  specimen  blanks  were  rolled  and  annealed  in  vacuum  at 
1500*^  for  one  hour.  Tensile  properties  of  the  0. 006-  and  0. 013-inch-thick  annealed 
material  agree  with  what  would  be  expected  for  the  extra  low  impurity,  annealed 
titanium-5Al-2.  5Sn  alloy. 

The  test  specimens  used  in  this  phase  of  the  program  consisted  of  tensile,  notched 
tensile,  fusion-weld  tensile,  axial-fatigue  and  crack-propagation  specimens.  The 
tensile  and  notched  tensile  specimens  were  the  same  design  as  those  used  in  Phase  I, 
were  described  in  that  section,  and  shown  in  Figure  1.  The  weld-tensile  specimens 
contained  a  butt  fusion  weld  perpendicular  to  the  axis  of  the  test  specimens  which  were 
machined  to  the  same  dimensions  as  the  smooth  tensile  specimens  (Figure  1).  Weld 
schedules  used  in  the  fabrication  of  the  weld  tensile  specimens  and  axial-fatigue  speci¬ 
mens  are  given  in  Table  3.  The  fatigue  specimens  are  38  inches  long  with  test  sections 
approximately  4  inches  wide  and  16  inches  long.  The  test  sections  contain  either  a 
butt  fusion  weld  (for  the  titanium  alloys)  or  a  butt  fusion  weld  plus  a  doubler  sheet 
attached  by  spot  welds  (for  301  stainless  steel).  Drawings  of  the  axial-fatigue  speci¬ 
mens  are  given  in  Figures  30  and  31.  The  reason  for  the  doubler  plate  on  the  301 
stainless  steel  is  to  provide  a  higher  joint  efficiency,  which  is  about  50  to  70  percent 
without  the  doubler  and  90  to  100  percent  with  the  doubler.  A  doubler  is  not  required 
for  either  of  the  two  titanium  alloys  in  the  annealed  temper  since  the  plain  butt  weld 
possesses  nearly  100  percent  joint  efficiency.  The  joints  used  in  this  study  are  typical 
of  those  which  may  be  used  in  the  Aerospace  vehicle.  In  addition,  information  is 
available  on  the  static  and  fatigue  properties  of  these  types  of  joints  (References  22,  27, 
and  30).  The  crack-propagation  specimens  are  four-inch  wide  sheet  specimens  con¬ 
taining  a  1-1/4-inch-long  central  crack  electrically  discharge  machined  by  an  Elektro- 
Jet  machine  (see  Figure  32).  Much  crack-propagation  data  have  been  obtained  as  a 
function  of  temperature  with  this  particular  type  of  specimen  (Reference  30). 

Particular  care  was  exercised  in  the  handling,  machining,  measurement,  etc.  of  test 
specimens  during  fabrication,  environmental  exposures,  and  testing  in  order  to 
assure  reliable  and  consistent  test  results.  Each  specimen  was  individually  examined 
under  magnification  and  measured.  Only  those  specimens  conforming  to  machining 
prints  and  free  of  surface  and  edge  defects  were  used  in  the  test  program. 

3 . 3  APPARATUS  AND  PROCEDURE.  The  general  procedure  followed  in  the  Phase  n 
test  program  consisted  of  the  following  steps . 

a.  Procure  desired  test  materials. 
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b.  Make  specimen  layout  on  sheet  materials. 

c.  Perform  fusion  welds. 

d.  Shear  specimen  blanks. 

e.  Identify  specimen. 

f.  Machine  specimens. 

g.  Inspect  and  measure  specimens. 

h.  Weld  on  doublers  as  required. 

i.  Perform  specimen  exposures. 

j.  Perform  specimen  tests. 

k.  Make  visual  and  metallographic  examinations,  and  analyze  results. 

With  the  exceptions  of  the  0. 006-inch-thick  titanium -5A1-2.  5Sn  ELI  material,  each  of 
the  test  materials  was  commercially  procured.  The  0.  006-inch-thick  titanium-5Al- 
2.  5Sn  ELI  material  was  rolled  from  the  0.013-inch-thick  stock  and  annealed  at  GD/A 
on  a  six-inch  wide,  two  high,  laboratory  rolling  mill  and  a  vacuum  retort  furnace. 

Fusion  welds  were  performed  on  straight-line  inert-arc  fusion  welding  equipment.  Weld 
schedules  are  shown  in  Table  3.  Specimen  blanks  were  sheared  on  factory  and/or 
laboratory  shears.  Standard  milling  machines,  punch  presses,  and  an  electrical  dis¬ 
charge  machine  (Elektro-Jet)  were  used  for  machining  test  specimens.  Specimens 
were  inspected  and  measured  with  micrometers  and  an  optical  comparator. 

Specimens  received  thermal,  cyclic,  oxidation,  spallii^,  and  gaseous -hydrogen  (with 
and  without  applied  load)  exposures  as  follows.  Thermal  exposures  were  made  for 
one  hundred  continuous  hours  (in  air)  at  400°,  600°,  and  800°F  for  the  301  stainless 
steel  and  the  two  titanium  alloys,  and  at  1600°,  1800°,  2000°,  and  2200°F  for  the 
Hastelloy  X.  The  400°,  600°,  and  800°F  exposures  were  performed  in  a  resistance 
heated  (Glo-bar)  furnace  (shown  in  the  backgroxmd.  Figures  33  through  35).  The  higher 
temperature  exposures  were  performed  in  a  Glo-bar,  box  furnace  (Figure  36). 
Specimens  were  positioned  on  metallic  or  ceramic  holders  during  the  exposures. 

Cyclic  exposures  were  made  from  -423°  to  400°,  600°,  and  800°F  for  the  titanium- 
5Al-2.5Sn  ELI;-320“to  400°,  600°,  and  800°F  for  301  stainless  steel;  75°  to  400°,  600°, 
and  800°F  for  the  titanium-13V-llCr-3Al  alloy;  and  75°  to  1600°,  1800°,  2000°,  and 
2200°F  for  the  Hastelloy  X  material.  The  specimens  were  subjected  to  one  hundred 
cycles,  at  ten  minutes  per  cycle  (in  air)  at  room  and  elevated  temperatures  and 
immersed  in  the  proper  cryogen  at  low  temperatures.  The  cryogens  were  liquid 
hydrogen  (-423°F)  and  liquid  nitrogen  (-320°F)  contained  in  cryostats.  Resistance- 
heated  furnaces  were  used  for  the  elevated  temperature  exposures.  Metallic  hangers 
were  used  to  hold  the  specimens  during  the  cyclic  exposures. 
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Oxidation  exposures  were  performed  at  reduced  partial  pressures  (0. 1  and  1.0  psig) 
of  oxygen  in  an  inert  atmosphere.  These  exposures  were  made  for  one  hundred  hours. 
The  two  titanium  alloys  and  the  301  stainless  steel  were  exposed  at  400®,  600®,  and 
800®F  in  the  retort  (12-inch  diameter  by  18-inch  length)  shown  in  Figures  33  through 
35.  The  Hastelloy  X  was  exposed  at  1600®,  1800®,  2000®,  and  2200®F  in  a  quartz  tube 
mounted  in  a  resistance- wired  furnace  (Figure  37).  This  furnace  was  also  used  for 
the  spalling  tests  performed  at  the  same  temperatures  (30  minutes  at  temperature  for 
100  cycles)  on  the  Hastelloy  X  material. 

Hydrogen  gas  exposures  were  performed  on  the  titanium-5Al-2. 5Sn  ELI  alloy  at  vari¬ 
ous  pressures  (15  psia  of  hydrogen  gas  and  0. 1  and  1. 0  psig  of  hydrogen  gas  in  a 
helium  gas  atmosphere)  and  temperatures  (400®,  600®,  and  800®F)  for  one-half,  five, 
and  fifty  hours.  Specimens  were  exposed  both  with  and  without  an  applied  load  at  600®F. 
Apparatus  used  consisted  of  the  gas  retort  (Figures  33  through  35)  and  a  load  applicator 
(Figures  38  and  39). 

After  exposure,  the  specimens  were  tested  in  tension,  fatigue,  or  crack-propagation 
apparatus.  The  tensile  testing  apparatus  is  described  in  paragraph  2.  3.  Fatigue 
testing  was  conducted  at  six  cycles  per  minute  on  the  hydraulically  actuated  test  beds 
(see  Figures  40  and  41)  described  in  Reference  22.  Crack-propagation  testing  was 
conducted  in  a  windowed  cryostat  located  on  a  imiversal  testing  machine  (Figure  42). 
The  apparatus  and  procedure  are  described  in  References  22  and  30.  Standard 
metallographic  laboratory  equipment  was  used  to  examine  the  broken  specimens. 

3.4  RESULTS  AND  DISCUSSION.  The  experimental  results  will  be  discussed  individ¬ 
ually  for  each  of  the  four  materials  tested  in  Phase  II  in  order  to  present  maximum 
clarification  and  interpretation. 

3.4. 1  Hastelloy  X.  The  test  results  for  Hastelloy  X  are  presented  in  Tables  4  and  5 
and  Figures  43  through  47.  Tensile  properties  of  the  0.005-inch-gauge  material  are 
given  in  Table  4,  while  those  for  the  0.010-inch-gauge  material  are  given  in  Table  5. 
These  tables  contain  tensile  data  from  specimens  for  all  exposure  conditions  as  well 
as  those  tested  in  the  as-received  condition.  Note  that  the  data  indicate  that  the  0.  005- 
inch-gauge  material  is  not  fully  annealed  (some  degree  of  cold  work  remains),  since 
the  yield  and  tensile  strengths  are  higher  and  elongation  lower  than  what  would  be 
expected  for  fully  annealed  Hastelloy  X  (see  Reference  8,  and  compare  with  properties 
of  0.010-inch-gauge  material  in  Table  5).  The  notched/unnotched  tensile-strength 
ratios  are  quite  low  for  both  the  0.005-  and  0.010-inch-gauge  as-received  materials; 
however,  this  appears  to  be  typical  for  many  of  the  nickel-base  alloys  (Reference  10). 
As  would  be  expected  for  annealed  material,  the  fusion  welds  of  the  0.010-inch-gauge 
material  are  100  percent  joint  efficient  (in  fact,  four  of  the  five  specimens  failed  in 
the  base  metal). 
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Figure  43  shows  the  effects  of  100-hour  thermal  exposures  (in  air)  on  the  room  tem¬ 
perature  tensile  properties  of  both  the  0.005-  and  0.010-inch-gauge  materials. 
Exposures  were  carried  out  at  1600®,  1800®,  2000®,  and  2200®F.  Oxidation  of  the 
0.005-inch  specimens  at  2000®  and  2200®F,  and  of  the  0.010-inch  specimens  at  2200®F 
was  so  severe  (see  Figure  47A)  that  tensile  testing  was  not  possible.  The  2200®F 
exposures  were  repeated,  however,  using  small  0.010-inch-gauge  specimens  which 
were  removed  at  frequent  intervals  for  visual  observation.  While  no  tensile  infor¬ 
mation  was  obtained,  the  tests  did  indicate  that  0.010-inch-gauge  material  could 
withstand  exposure  (in  air)  up  to  48  hours  before  experiencing  excessive  deterioration 
as  a  result  of  oxidation  (see  Figure  47B). 

Results  from  specimens  that  could  be  tested  revealed  that  large  reductions  were 
observed  in  the  yield  strengths  for  both  gauges  of  material.  At  the  higher  temper¬ 
atures,  this  decrease  was  between  30  and  40  percent  of  the  as-received  values.  The 
tensile  strengths  were  also  reduced  but  to  a  lesser  extent.  Tensile  elongation  dropped 
by  one-third  or  more  for  the  0.010-inch-gauge  material  at  all  temperatures  and  by 
more  than  one-half  for  the  0.005-inch-gauge  material  exposed  at  1800®F. 

The  combination  of  oxidation  with  a  relatively  small  specimen  thickness  is  attributed 
to  being  a  major  factor  for  the  drastic  reduction  in  mechanical  properties  during  the 
100-hour  thermal  exposure  in  air.  Oxidation  of  Hastelloy  X  occurs  by  the  formation 
of  a  tight,  spall-resistant  oxide  scale  which,  once  formed,  inhibits  further  damage 
from  the  oxidizing  atmosphere.  In  large  sections,  the  presence  of  the  oxide  scale 
subtracts  little  from  the  overall  strength;  for  sheet  and  foil-gauge  material,  however, 
the  oxide  layer  can  make  up  a  substantial  percentage  of  the  cross-sectional  area.  It 
is  believed  that  this  effect  contributes  to  the  decrease  in  tensile  properties. 

By  means  of  metallographic  examination  of  the  100-hour  thermal  exposure  specimens 
and  the  smaller  exposure  samples  (those  shown  in  Figure  47B),  the  data  plotted  in 
Figures  47C  and  D  were  obtained.  Figure  47C  is  a  plot  of  In  D  versus  l/T  for  100- 
hour  exposures,  where  D  is  oxide  thickness  and  T  represents  the  temperature. 

This  curve  has  a  slope  equal  to  about  23,000/R,  where  R  is  the  gas  constant.  In 
Figure  47D,  In  D  is  plotted  against  In  t  for  a  temperature  of  2200®F.  Here,  t  repre¬ 
sents  time.  The  slope  is  close  to  1/2.  Using  the  information  available  from  these 
curves,  the  following  equation  was  obtained  to  describe  the  increase  in  oxide  thickness, 
D,  during  oxidation  in  air; 


(1) 
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Oxide  growth  is  initially  rapid  and  decreases  with  increasing  time.  Evidence  of 
excessive  oxidation  is  plainly  shown  in  photomicrographs  A,  B,  C,  and  D  of  Figure 
48. 


The  results  of  thermal  cyclic  exposures  in  air  are  illustrated  in  Figure  44  for  the 
0. 005-inch-gauge  material  and  in  Figure  45  for  the  0. 010 -inch-gauge  material.  The 
time  at  each  temperature  for  each  cycle  was  five  minutes.  One  hundred  cycles  were 
performed:  therefore,  the  specimens  were  held  at  elevated  temperatures  for  a  mini¬ 
mum  of  500  minutes  or  8-1/3  hours  total  time.  As  would  be  expected,  the  effect  on  the 
mechanical  properties  was  much  less  severe  than  that  which  occurred  during  the  100- 
hour  continuous  exposures. 

For  the  0.  010-inch-thick  material,  the  yield  and  tensile  strengths  did  not  decrease 
appreciably  except  for  the  75°  to  2200°F  exposure.  In  like  manner,  the  elongation 
dropped  sharply  for  the  75°  to  2200°F  exposure.  The  unusually  large  decrease  in 
elongation  of  those  specimens  exposed  to  the  75°  to  1600°F  cycles  is  not  clearly 
understood,  but  is  believed  to  be  a  real  effect. 

The  yield  and  tensile  strengths  of  the  0.  005-inch-gauge  Hastelloy  X  behaved  similarly 
to  the  heavier  gauge  material,  except  that  the  fall-off  in  strength  took  place  at  a  lower 
temperature.  Both  the  75°  to  2000°F  and  the  75°  to  2200°F  exposures  resulted  in  a 
considerable  decrease  in  strength  properties.  The  elongation,  on  the  other  hand,  did 
not  suffer  and  actually  showed  an  increase  for  all  exposures  except  the  75°  to  2200°F 
cyclic  exposure. 

As  compared  to  the  base  metal  tensile  properties,  the  notched  tensile  and  weld  tensile 
properties  were  not  severely  affected  (i.e. ,  the  notched/unnotched  tensile -strength 
ratios  and  weld-joint  efficiencies  remained  nearly  the  same  as  for  the  as-received 
material).  This  was  true  for  both  gauges  of  material. 

The  explanation  for  the  decrease  in  tensile  properties  during  cyclic  thermal  exposure 
is  again  that  of  oxidation  taking  place  on  thin-gauge  materials.  A  comparison  of  the 
amount  of  oxidation  that  occurred  during  continuous  exposure  and  the  cyclic  exposure 
can  be  seen  in  Figure  48A,  B,  E,  and  F .  The  less  severe  attack  during  the  latter 
exposure  is  readily  apparent. 

Another  series  of  thermal  exposures  performed  on  the  Hastelloy  X  involved  100-hour 
oxidation  tests  at  1600°,  1800°,  2000°,  and  2200°F  in  two  different  partial  pressures 
of  oxygen.  The  tests  were  carried  out  under  imit  atmospheres  of  helium  gas  containing 
0. 1  psig  and  1.0  psig  oxygen.  Both  the  0. 005-  and  0.  010-inch-gauge  materials  were 
studied.  Only  notched  tensile  strengths  were  measured,  and  these  are  plotted  in 
Figure  46.  For  the  0. 010-inch-gauge  material,  very  little  difference  was  observed 
between  the  results  for  0. 1-psig  and  1.0-psig  oxygen  exposures.  This  is  further 
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shown  by  the  similarity  in  microstructures  as  presented  in  Figure  48G  and  H.  The 
effect  of  the  oxidation  on  the  room  temperature  notched  tensile  strength  was  a  slight 
decrease  as  the  exposure  temperature  was  increased.  Contrary  to  what  would  be 
expected,  the  results  for  the  0.005-inch-gauge  material  show  the  0. 1-psig  oxygen 
exposure  to  be  more  harmful  than  that  of  the  1. 0-psig  oxygen  atmosphere.  The  only 
explanation  that  can  be  offered  is  the  possibility  that  a  less  pure  grade  of  helium  was 
used  for  the  0. 1-psig  oxygen  exposures.  The  presence  of  small  traces  of  water  vapor, 
for  example,  could  have  influenced  the  test  results.  With  the  exception  of  the  slight 
increase  for  the  1600®F  tests,  the  notch  tensile  strengths  of  the  0.005-inch  specimens 
were  found  to  decrease  more  rapidly  with  temperature  than  those  of  the  0.010-inch 
material.  This  is  in  line  with  the  results  of  the  air  exposure  tests  discussed  earlier 
and  may  be  interpreted  in  the  same  manner. 

Specimens  previously  exposed  in  partial  pressures  of  oxygen  were  also  examined 
metallographically  to  study  the  temperature  dependence  on  oxide  growth.  The  results 
are  plotted  in  Figure  47C  for  the  1. 0-psig  oxygen  exposures.  No  data  could  be  obtained 
for  the  0. 1-psig  oxygen  tests.  Oxidation  appears  to  obey  the  same  temperature  depen¬ 
dence  in  1. 0-psig  oxygen  as  in  air.  The  rate,  however,  is  less. 

The  last  group  of  thermal  exposures  are  the  spalling  tests.  Two  sets  of  notched  tensile 
specimens  were  cycled  100  times  between  room  temperature  and  ISOO^F  in  helium 
atmospheres  containing  0. 1-  and  1. 0-psig  oxygen.  The  time  at  1800®F  was  30  minutes 
per  cycle,  giving  a  total  exposure  time  of  50  hours.  The  effect  of  the  two  different 
oxygen  pressures  was  negligible  (see  Tables  4  and  5).  For  the  0.010-inch-gauge 
material,  the  notched  tensile  strength  exhibited  a  slight  decrease  from  the  as-received 
value.  This  decrease  was  about  the  same  as  that  observed  after  the  cyclic  exposures 
in  air,  but  not  as  great  as  that  obtained  after  the  100 -hour  continuous  exposure  in 
partial  pressures  of  oxygen.  This  type  of  behavior  would  be  expected.  The  value  for 
the  notched  tensile  strength  of  the  0.  005-inch-gauge  material  after  the  spalling  tests 
fell  between  that  of  the  cyclic  exposures  in  air  and  the  100-hour  continuous  exposure 
in  reduced  pressures  of  oxygen.  In  agreement  with  the  results  for  the  cyclic  exposure 
tests  in  air,  the  notched  tensile  strength  of  the  0.005-inch-gauge  material  after  the 
spalling  test  was  greater  than  the  as-received  value.  The  results  for  both  the  0.  005- 
and  0. 010-inch-gauge  materials  agree  well  with  those  of  the  tests  discussed  earlier. 

The  test  data  indicate  that  thin-gauge  Hastelloy  X  is  acceptable  for  structural  use  to 
at  least  1800®F,  although  considerably  lower  stress  allowables  are  required  for 
material  that  will  be  subjected  to  elevated  temperatures  for  extended  periods  of  time. 

In  particular,  this  is  true  for  0.  005-inch-gauge  material  above  IGOO^F  and  0.010- 
inch-gauge  material  above  1800°F.  For  design  purposes,  the  thermal  cyclic  exposures 
do  not  appear  to  be  as  restrictive  as  does  the  100-hour  thermal  exposure.  Here  again, 
however,  a  degradation  of  properties  is  to  be  expected  for  0. 005-inch-gauge  material 
above  1800°F  and  for  0. 010- inch-gauge  material  above  2000'’F.  Notch  sensitivity  and 
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joint  efficiency  of  welds  are  not  affected  as  a  result  of  thermal  cyclic  exposure.  It  is 
recommended  that  thin-gauge  Hastelloy  X  material  be  subjected  to  typical  flight-profile 
exposures,  which  would  include  thermal  exposures,  thermal  cycling,  applied  loads, 
and  subjection  to  various  gas  pressures  to  supplement  the  present  data  in  determining 
design  allowables  and  usable  life  of  the  material. 

3. 4. 2  Titanium- 13V- 1 1C r-3Al.  The  test  results  for  the  Ti-13V-llCr-3Al  alloy  are 
presented  in  Tables  6,  7,  and  8  and  Figures  49  through  55.  Tensile  properties  of  both 
the  as-received  and  exposed  material  are  given  in  Table  6  (0.005-inch-gauge  material) 
and  Table  7  (0.010-inch-gauge  material).  Fatigue  properties  are  given  in  Table  8 
(0.010-inch-gauge  material  only).  As  may  be  seen  from  the  as-received  properties, 
the  0.005-inch-gauge  material  apparently  had  some  degree  of  cold  work  remaining 
since  yield  and  tensile  strengths  were  greater  and  elongation  lower  than  typical  for 
fully  annealed  material  (Reference  31).  Figures  54A  and  55A  are  photomicrographs 
of  specimens  tested  in  the  as-received  condition.  Evidence  of  cold  work  in  the  0. 005- 
inch  material  is  clearly  visible.  As  would  be  expected  (Reference  12),  the  annealed 
Ti-13V-llCr-3Al  alloy  possesses  good  notched  tensile  and  fusion-weld  tensile  proper¬ 
ties. 

The  results  of  the  100-hour  thermal  exposures  in  air  are  shown  in  Figure  49.  Room 
temperature  tensile  data  of  0.005-  and  0,010-inch-gauge  material  which  had  been 
exposed  at  400®,  600®,  and  800®F  are  plotted  for  comparison  with  the  as-received 
properties.  The  yield  and  tensile  strengths  increased  with  exposure  temperature, 
particularly  at  800®F  where  the  increase  was  somewhat  greater  than  50  percent  of  the 
as-received  properties.  The  elongations  exhibited  only  slight  changes  except  at  800®F, 
where  they  decreased  to  very  low  values.  For  the  100-hour  thermal  exposures,  speci¬ 
men  thickness  appeared  to  have  no  effect  on  the  resultant  room  temperature  properties 
(i.e.  between  0.005-  and  0.010-inch  material). 

Two  factors  (aging  and  oxygen  absorption)  are  thought  to  be  responsible  for  the  large 
increase  in  room  temperature  yield  and  tensile  strengths  after  100 -hour  exposure  at 
800®F.  When  in  the  solution-annealed  condition,  Ti-13V-llCr-3Al  alloy  retains  the 
high-temperature  beta  phase  at  room  temperature.  Upon  reheating  to  temperatures 
over  600®F,  the  equilibrium  alpha  phase  then  precipitates  from  the  beta  phase.  Al¬ 
though  the  reaction  is  sluggish  below  1100®F,  100  hours  at  800®F  is  sufficiently  long 
to  obtain  substantial  precipitation.  The  presence  of  alpha  in  the  untransformed  beta 
matrix  causes  hardening,  large  increases  in  strength,  and  a  reduction  in  ductility. 

That  aging  has  indeed  occurred  is  shown  in  Figures  54D  and  55D,  which  are  photo¬ 
micrographs  typical  of  an  aged  structure.  These  figures  can  be  compared  with  Figures 
54B  and  55B,  which  show  no  evidence  of  precipitation  for  exposures  at  600®F. 

The  large  increase  in  strength  for  the  800®F  thermal  exposures  is  not  belived  to  be 
entirely  the  result  of  age  hardening,  however.  One  reason  is  that  the  elongation 
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values  are  lower  than  would  be  expected  for  a  properly  aged  material.  Stronger 
evidence  is  found  from  the  results  of  the  notched  tensile  tests  conducted  on  specimens 
after  100-hour  thermal  exposures  in  reduced  partial  pressures  of  oxygen.  The  results 
for  0. 1  psig  and  1.0  psig  of  oxygen  in  helium  atmospheres  are  presented  in  Figure  52. 
These  data  show  that  100-hour  exposures  up  to  GOO^F  have  little  effect  on  the  notched 
properties  and,  consequently,  the  notched/unnotched  ratios  (using  the  unnotched  values 
of  Figure  49).  At  800°F,  however,  the  notched  tensile  strength  falls  off  drastically 
with  the  notched/unnotched  ratio  dropping  to  0.4  to  0.5  for  the  0.005-inch  material 
and  0.6  to  0.  7  for  the  0.010-inch  material.  Previous  work  in  this  laboratory  (Refer¬ 
ence  12)  has  shown  that  Ti-13V-llCr-3Al  in  a  solution-annealed  and  aged  condition 
can  be  expected  to  have  a  notched/unnotched  ratio  well  above  that  found  in  the  present 
series  of  tests.  Hence,  the  notched  specimens  are  believed  to  have  been  embrittled 
as  a  result  of  oxygen  pickup.  This  same  effect,  absorption  of  oxygen,  is  also  believed 
to  have  been  responsible  (in  addition  to  aging)  for  the  large  increases  in  tensile  and 
yield  strengths  and  the  decrease  in  elongation  found  after  the  100 -hour  exposures  at 
800°F  in  air. 

The  effects  of  thermal  cycling  from  75®  to  400°,  600°,  and  800°F  (in  air)  on  the  mech¬ 
anical  properties  of  Ti-13V-llCr-3Al  are  shown  in  Figure  50  (0.005-inch-gauge 
material)  and  Figure  51  (0. 010 -inch-gauge  material).  Exposures  were  performed  in 
the  same  manner  as  for  the  Hastelloy  X  material.  Unstressed  material  was  repeatedly 
cycled  from  room  temperature  to  an  elevated  temperature  with  five  minutes  hold-time 
at  temperature  for  100  cycles  in  air.  As  anticipated,  the  effects  of  thermal  cycling  on 
tensile  properties  were  much  less  severe  than  those  found  for  the  100-hour  thermal 
exposures.  Little  change  was  noted  in  the  yield  and  tensile  strengths  or  in  elongation 
values,  except  for  the  75°  to  800°F  exposures.  For  these  exposures  the  tensile  and 
yield  strengths  increased  about  20  percent  for  the  0.005-inch  material  and  somewhat 
less  for  the  0.010-inch  material,  and  the  elongation  values  decreased.  The  total 
time  at  800°F  (8-1/3  hours)  is  believed  to  have  been  insufficient  for  very  much  precip¬ 
itation  to  have  taken  place.  This  can  be  seen  by  comparing  the  microstructure  after 
the  100-cycle,  800°F  thermal  exposure  (Figure  55C)  with  the  aged  structure  (Figure 
55D).  The  increase  in  strengths  at  800°F  appears  to  be  primarily  the  result  of  oxygen 
pickup.  In  addition  to  the  appearance  of  the  microstructure,  two  other  factors  point 
toward  oxygen  absorption.  First,  the  0.005-inch  material  shows  a  larger  increase 
in  strength.  Oxygen  absorption,  but  not  precipitation  hardening,  would  be  expected 
to  be  influenced  by  specimen  thickness.  Second,  the  decrease  in  notched/unnotched 
ratios  with  increasing  temperature  for  the  0.005-inch  material  is  more  indicative  of 
oxygen  embrittlement  than  an  effect  of  age  hardening. 

Fusion-weld  tensile  properties  of  the  0.010-inch-gauge  material  were  affected  in  a 
manner  similar  to  that  found  for  the  base-metal  properties,  except  for  slight  de¬ 
creases  in  the  joint  efficiencies  for  the  75°  to  600°  and  800°F  exposures.  The  0.005- 
inch-gauge  material  retained  good  welded  joint  efficiencies  for  all  temperature  cycl¬ 
ing  exposures,  with  the  exception  of  that  from  75°  to  800°F.  Here,  the  joint  efficiency 
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dropped  to  80  percent.  The  large  grain  size  of  the  weld-metal  zone  may  have  been 
responsible  (compare  Figure  54C  with  54B). 

The  final  series  of  thermal  exposures  was  performed  on  0. 010-inch-thick  fusion- 
welded  Ti-13V-llCr-3Al  axial  fatigue  specimens  at  400®,  600®,  and  800®F  for  100 
hours  in  air.  After  exposure  the  room  temperature  static-strength  and  axial-fatigue 
properties  were  measured.  The  fatigue  measurements  were  carried  out  at  stress 
levels  equal  to  90  percent  of  the  static  tensile  strength.  The  results  are  presented  in 
Figure  53  and  Table  8. 

The  static  tensile  strength  of  welded  joints  of  Ti-13V-llCr-3Al  alloy  was  greatly 
lowered  as  a  result  of  100 -hour  thermal  exposures  in  air.  This  was  in  contrast  to 
the  increase  foimd  in  unwelded  specimens  exposed  for  100  hours  in  air  and  the  very 
slight  change  in  properties  observed  for  welded  specimens  which  had  been  thermally 
cycled  100  times  in  air.  All  thermally  exposed  specimens  failed  in  the  welded  joints 
during  static  testing. 

The  axial -fatigue  results  are  shown  in  the  lower  curve  of  Figure  53.  The  as -received 
material  and  that  exposed  at  400®F  possessed  a  fatigue  life  of  about  700  cycles  at  stress 
levels  of  90  percent  of  the  tensile  strength.  Because  of  the  scatter  in  the  static  ten¬ 
sile  strength  values  for  the  600®  and  800®F  exposures,  no  reliable  data  were  obtained 
from  the  axial -fatigue  tests.  With  the  exception  of  one  test,  all  fatigue  failures  occur¬ 
red  in  the  welded  joint.  Based  on  the  static  tensile  tests,  the  fusion  welds  of  the  Ti- 
13V-llCr-3Al  alloy  undergo  drastic  reductions  in  strength  after  100-hour  thermal 
exposures  in  air.  Fatigue  life  at  90  percent  of  the  static  tensile  strength  is  acceptable 
after  exposures  at  400®F,  but  is  questionable  after  exposures  at  higher  temperatures. 

The  Phase  II  test  results  on  the  Ti-13V-llCr-3Al  alloy  indicate  that  the  operating 
temperatvire  for  this  alloy  should  be  limited  to  something  less  than  800®F.  For  contin¬ 
uous  exposure  at  800® F  in  either  air  or  in  reduced  partial  pressures  of  oxygen,  em¬ 
brittlement  occurs  as  shown  by  a  substantial  reduction  in  tensile  elongation  and  notched/ 
unnotched  tensile  strength  ratios.  No  serious  reductions  in  these  properties  were 
observed  after  400®  or  600®F  exposures.  Thermal  cyclic  exposures  in  air  had  little 
effect  on  mechanical  properties,  except  for  the  75®  to  800®F  cycles.  Embrittlement 
occurred,  but  was  much  less  severe  than  that  found  for  the  100-hour  exposures  at 
800®F.  Weld-tensile  strength  was  not  severely  affected  by  thermal  cycling,  but  de¬ 
creased  considerably  after  100-hour  exposures  in  air  at  600®  and  800®F.  Additional 
testing  of  welded  joints,  including  fatigue  measurements,  would  be  beneficial.  Also 
of  interest  would  be  a  series  of  exposure  tests  at  800®F  on  specimens  in  the  solution- 
annealed  and  aged  condition. 
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3.4.3  Type  301  Stainless  Steel.  Based  on  the  data  obtained  from  previous  evaluations 
(References  15  through  17)  and  from  Phase  I  testing,  cold-rolled  Type  301  stainless 
steel  was  selected  for  the  liquid-oxygen-tankage  material.  The  effects  of  various 
thermal  exposures  were  determined  on  three  gauges:  0.003-,  0.006-,  and  0.010-inch- 
thick  material.  The  test  results  are  given  in  Tables  9  through  13  and  Figures  56 
through  65.  The  as-received  properties  were  determined  at  75°  and  -320°F.  All  other 
mechanical-property  tests  were  performed  at  -320°F  after  subjection  to  the  various 
environmental  exposures,  since  this  temperature  is  representative  (actually  -297°F) 
of  the  minimum  (and  generally  most  critical)  operating  temperature. 

As  may  be  seen  from  Tables  9  through  11,  there  is  a  considerable  spread  in  the  ten¬ 
sile  properties  of  the  three  gauges  of  material  in  the  as-received  condition.  The  as- 
received  tensile  properties  of  the  0. 010 -inch-thick  material  are  more  typical  of  the 
EFH  (Extra  Full  Hard),  cold-rolled  T3npe  301  stainless  steel  than  are  the  other  two 
gauges  (References  15,  16,  22,  and  30).  The  parent-metal  yield  and  tensile  strengths 
are  slightly  less  and  elongation  greater  for  the  0.003-inch-thick  material  than  is 
typical.  This  is  probably  due  to  a  lesser  degree  of  cold  work  in  the  0.003-inch  gauge 
than  for  the  0.010-inch-thick  material.  Also,  the  notched/unnotched  tensile  strength 
ratio  is  less  than  normal  for  the  0.003-inch-thick  material,  particularly  at  -320°F. 

The  reason  for  this  is  suspected  to  be  gauge  effect.  It  has  been  known  for  some  time 
that  each  material  possesses  an  optimum  toughness  at  some  thickness  and  that  above 
or  below  this  thickness  the  toughness  decreases  (for  an  example,  see  Reference  30, 
page  70).  An  additional  atypical  behavior  of  the  0.  00 3- inch-thick  material  is  the  weld 
elongation  at  -320°F ,  which  is  much  less  than  for  typical  fusion-weld.  This  may  be 
caused  by  a  gauge  effect  or  by  a  mismatching  of  the  edges  (or  some  similar  problem) 
during  welding  of  the  extremely  thin-gauge  material. 

The  parent-metal  tensile  and  3neld  strengths  of  the  0.006-inch-thick  301  stainless 
steel  are  considerably  higher  than  normal  for  the  EFH  condition,  and  the  elongation 
at  75°F  is  much  less  than  typical.  These  properties  are  attributed  to  a  larger  amount 
of  cold-working  than  is  normal.  This  also  explains  the  atypical  lower  joint  efficiency 
at  75°F.  The  notched/unnotched  tensile  strength  ratios  (at  75°  and  -320°F)  of  the  as- 
received  0.006-inch-thick  material  are  less  than  normal,  and  are  probably  the  result 
of  the  greater  amount  of  cold-working  or  a  gauge  effect,  or  both. 

Table  12  gives  the  axial-fatigue  (or  repeated  loading)  properties  of  complex  welded 
joints  of  the  as-received  0.010-inch-thick  material.  Properties  presented  are  for 
the  longitudinal  direction  (parallel  to  the  direction  of  rolling)  on  fusion-welded  joints 
which  are  strengthened  by  doubler  plates  of  0.010-inch-thick  material  attached  over 
the  fusion  weld  by  several  rows  of  resistance  spot  welds  (see  Figure  30).  The  static 
properties  are  typical  of  EFH  301  stainless  steel;  however,  the  number  of  cycles  to 
failure  are  less  than  previously  obtained,  i.e. ,  about  150  to  200  cycles  at  a  stress 
level  of  228  ksi  (References  16  and  22).  Again,  this  may  be  caused  by  a  gauge  effect 
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since  the  majority  of  fatigue  data  on  Type  301  stainless  steel  has  been  obtained  on 
0.020-  to  0. 032-inch-thick  material.  A  possible  additional  explanation  is  that  the 
stress  concentration  at  the  spot  welds,  the  area  of  failure  for  this  type  of  joint,  is 
greater  since  the  nugget  diameters  are  smaller  for  the  0.0 10 -inch-thick  material 
than  for  thicker  gauges. 


The  crack-propagation  properties  of  the  as-received  0. 010 -inch-thick  Type  301 
stainless  steel  at  -320®F  are  given  in  Table  13.  Values  given  include  specimen  width, 
thickness,  and  initial  notch  length,  critical  load  and  critical  notch  length  (the  load  and 
crack  length  at  onset  of  rapid  fracture),  and  the  gross-stress,  net-stress,  fracture- 
toughness  and  strain-energy  release  rate.  These  data  were  calculated  from  the  follow¬ 
ing  equations: 


where 
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gross  stress  (ksi) 

critical  load  (lb) 

.  2 
area  (in.  ) 

net  stress  (ksi) 

thickness  (in. ) 

width  (in. ) 

1/2  of  the  initial  notch  length  (in.) 
fracture  toughness  (ksi.yTn. ) 
strain  energy  release  rate  (in.  Ib/in.  ) 
elastic  modulus  (ksi) 

1/ 2  of  the  critical  notch  length  (in. ) 
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A  thorough  description  of  the  crack  propagation  specimens,  testing  procedure,  and 
calculations  may  be  found  in  Reference  30.  Table  13  shows  the  gross-  and  net-stress, 
fracture-toughness  and  strain-energy  release  rate  are  significantly  less  for  the  trans¬ 
verse  direction  (perpendicular  to  the  direction  of  rolling)  than  for  the  longitudinal 
direction.  This  is  typical  of  cold- rolled  EFH  301  stainless  steel;  however  the  K^; 
and  Gc  values  for  both  directions  are  about  50  percent  lower  than  is  typical  of  heavier 
gauge  (0.025-inch-thick)  301  stainless  steel  (Reference  30).  Again,  this  may  be 
attributed  to  a  gauge  effect. 

Tensile,  fatigue  and  crack- propagation  specimens  were  exposed  to  various  temper¬ 
atures  (  400°,  600°,  and  800°F)  for  100  hours  in  an  air  atmosphere  and  subsequently 
tested  at  -320°F,  in  order  to  determine  the  effect  of  long-time  thermal  exposures. 

In  general,  the  strength,  ductility  (as  measured  by  elongation)  and  toughness  (as 
determined  by  fatigue  and  crack-propagation  testing)  improved  after  the  400°  and  600°F 
exposures,  but  were  impaired  by  the  800°F  exposure.  The  explanation  for  this  is  not 
clear  (i.e.  an  increase  in  F^.^,  F^^^  and  elongation  as  a  result  of  400°  and  600°F  expos¬ 
ure).  It  is  believed  to  be  a  complex  system  with  a  number  of  different  and  simultaneous 
effects.  The  following  possible  explanations  are  offered.  The  increase  in  ductility 
and  improved  fatigue  life  may  be  caused  by  stress  relieving  and/or  tempering;  where¬ 
as  the  increase  in  yield,  ultimate  and  weld  tensile  strengths  may  be  the  result  of  aging 
and  possibly  slight  oxidation.  The  impairment  of  properties  as  a  result  of  the  800°F 
exposure  may  be  a  combined  result  of  tempering,  precipitation  and  agglomeration  of 
precipitates  (overaging),  and  oxygen  embrittlement.  Although  it  is  not  clearly  under¬ 
stood  why,  the  effects  are  believed  to  be  real,  and,  in  fact,  some  of  them  have  been 
noted  previously  (Reference  17).  Microstructures  are  shown  in  Figures  64  and  65. 
These  offer  the  following  information.  The  microstructures  are  fairly  typical  of  cold- 
rolled  Type  301  stainless  steel  with  the  possible  exception  of  a  slightly  larger  number 
and  size  of  inclusions  (stringers).  There  is  no  evidence  of  substantial  oxidation  with 
the  exception  of  the  800°F  exposed  specimens  and  a  few  of  the  600°F  exposed  specimens 
particularly  at  the  fusion  welds ,  which  indicated  some  oxygen  diffusion  penetrating  to  a 
depth  of  0.0005  to  0.001  inch  from  each  surface.  Martensite  tempering  is  quite  evident 
in  the  800°F  exposed  specimens  manifested  by  the  dark  appearing  etched  martensite 
and  unetched  austenite.  It  is  interesting  to  note  that  thermal  exposure  offers  a 
possible  method  of  detecting  grain  boundaries  and  grain  size  in  cold-rolled,  meta¬ 
stable,  austenitic  stainless  steels.  Grain  size  and  boundaries  cannot  normally  be 
seen  in  the  microstructure  of  heavily  cold-rolled  301  stainless  steel,  but  it  is  believed 
that  grains  of  parent  austenitic  (white),  austeniteniiartensite  mixtures  (gray)  and 
martensite  (dark  gray)  are  evident  in  the  photomicrographs  of  the  800°F  exposed 
specimens. 

To  determine  the  effect  of  cyclic  thermal  exposures  on  the  properties  of  301  stainless 
steel,  specimens  were  repeatedly  cycled  from  -320°F  to  400°,  600°,  and  800°F  for  100 
cycles,  being  held  at  temperature  for  a  minimum  of  five  minutes  per  cycle  or  8  1/3 
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hours  minimum  total  time  at  both  the  cryogenic  and  elevated  temperatures.  In 
general,  the  yield  and  tensile  strengths,  elongation,  weld  tensile  strength,  notched 
tensile  strength  and  crack  propagation  values  increased  as  a  result  of  the  exposures. 
The  same  explanations  as  given  for  the  thermal  exposures  are  offered.  The  reason 
for  the  increase,  instead  of  decrease,  of  properties  for  the  -320°F  to  800®F  exposures 
is  believed  to  be  a  result  of  the  shorter  time  at  temperature  as  compared  to  the  100- 
hour  thermal  exposure.  There  is  a  considerable  amount  of  scatter  in  the  weld  tensile 
strength  data.  This  is  believed  to  have  been  caused  by  a  preferential  oxidation  at  the 
weld  and  heat  affected  areas  as  well  as  possible  mismatch  etc.  during  welding  of  the 
thin-gauge  materials.  As  noted  in  Table  9,  the  0. 003  inch-thick  notched  tensile  spec¬ 
imens  failed  durii^  the  thermal  cyclic  exposure  after  15  to  40  cycles  (see  Figure  64 
for  typical  failure).  The  specimens  were  not  mechanically  loaded  (no  applied  stress) 
during  the  exposure;  therefore,  thermal  stresses  are  believed  to  have  caused  the 
failures.  Although  there  was  probably  some  thermal  shock  on  the  specimens,  the 
procedure  involved  an  intervening  warm-up,  or  cool-down,  at  room  temperature 
(e.g.  -320®  to  75°  to  400°,  600°,  or  800°  to  75°  to  -320°,  etc.).  This  exposure  is 
probably  more  severe  than  would  be  experienced  in  service;  however,  it  is  strongly 
recommended  that  severe  stress  concentrations  be  avoided,  and  all  stress  concentra¬ 
tions  be  minimized,  in  the  design  and  fabrication  of  components  from  foil-gauge  mater¬ 
ials.  Failures  may  have  been  caused  by  a  gauge  effect  since  thicker  gauge  specimens 
did  not  fail  during  exposures.  Or,  the  failures  may  have  been  the  result  of  the  poor 
toughness  qualities  of  this  particular  heat  and  coil  of  material.  Additional  testing  to 
substantiate  or  negate  these  results  is  recommended. 

Results  of  oxidation  exposures  in  partial  pressures  of  oxygen  in  a  helium  atmosphere 
indicate  the  following.  In  general,  the  notched  tensile  strength  (a  measure  of  tough¬ 
ness)  increased  after  400°  and  600°F  exposures,  and  decreased  after  800°F  exposures. 
There  was,  generally,  little  or  no  difference  in  the  properties  as  a  function  of  oxygen 
content  (0. 1  or  1.0  psig  of  O2  in  a  helium  atmosphere).  This  exposure  is  quite  similar 
to  the  100-hour  thermal  exposure  in  air,  and  the  explanation  of  the  effects  of  exposure 
on  the  properties  is  believed  to  be  the  same  as  for  the  thermal  exposure.  Based  on 
the  rather  large  decreases  in  notched  tensile  strengths  after  the  800°F  exposure,  cold- 
rolled,  EFH  Type  301  stainless  steel  is  not  recommended  for  structural  applications 
at  -320°F  after  long-time  exposures  at  800°F. 

It  appears  from  the  test  data  that  elevated  temperature  is  the  most  effective  parameter 
in  the  evaluation  of  the  effects  of  various  exposures  on  the  mechanical  properties  of 
301  stainless  steel.  Exposures  at  400°  and  600°F  improved  the  mechanical  properties 
Whereas,  long-time  exposures  at  800°F  resulted  in  an  impairment  of  the  low-temper¬ 
ature  mechanical  properties.  Time  at  temperature  was  also  found  to  be  influential 
since  short-time  exposures  at  800°F  were  not  found  to  be  detrimental. 
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It  is  recommended  that  additional  testing  be  conducted,  particularly  on  the  very  thin 
(0.003-inch-thick)  301  stainless  steel.  Also,  testing  after  exposures  between  600® 
and  800®F  should  be  conducted  to  more  accurately  define  the  upper  temperature  limit. 
Based  upon  the  test  results,  cold- rolled,  EFH  Type  301  stainless  steel  is  believed  to 
be  a  satisfactory  material  for  liquid-oxygen  tank  structure;  however,  it  is  recommen¬ 
ded  that  sharp  stress  concentrations  be  avoided  and  that  long-time  thermal  exposures 
be  limited  to  less  than  800®F. 

3,4.4  Titanium-5Al-2 . 5Sn  ELI.  The  results  of  the  Phase  II  test  program  for 
titanium-5Al-2. 5Sn  ELI  are  given  in  Tables  14  through  17  and  Figures  66  through  74. 

As  was  mentioned  in  the  section  on  test  materials,  the  0.013-inch-thick  material  was 
commercially  procured,  whereas  the  0.006-inch-gauge  material  was  re-rolled  from 
the  0. 013 -inch-thick  stock  and  subsequently  annealed  at  GD/A.  The  as -received 
tensile  properties  (see  Table  15)  of  the  0. 013 -inch-thick  material  are  fairly  typical 
of  the  ELI  grade  of  Ti-5Al-2. 5Sn.  The  slightly  lower  yield  strength,  greater  elonga¬ 
tion  at  room  temperature,  and  higher-than-normal  notched/unnotched  tensile  strength 
ratio  at  -423°F  is  attributed  to  the  very  low  interstitial  and  iron  contents  (see  Table  2). 
The  as-received  fatigue  and  crack-propagation  properties  indicate  excellent  toughness 
at  -423°F,  as  expected  from  the  tensile  and  notched  tensile  properties.  The  yield  and 
tensile  strength  of  the  0.  006-inch-gauge  material  (Table  14)  in  the  as-received  con¬ 
dition  are  slightly  less  than  for  the  0.  013-inch-thick  material.  This  condition  is 
attributed  to  the  lack  of  cold-rolling  as  a  finishing  operation  for  the  0. 006-inch-thick 
material.  The  0.006-inch-thick  material  possesses  excellent  notch  toughness  to  -423°F. 

The  effects  of  100-hour  thermal  exposures  on  the  tensile  properties  of  the  Ti-5A1- 
2.5Sn  ELI  alloy  are  shown  in  Figure  66.  In  general,  the  exposures  caused  an  increase 
in  5deld  and  tensile  strength,  increasing  with  exposure  temperature,  and  either  no 
change  or  slight  reduction  in  elongation.  The  0.  006-inch-thick  material  was  more 
severely  affected  than  the  thicker  gauge  material.  The  static  tensile  properties  of 
large  welded  joints  (Table  16  and  Figure  71)  were  increased  slightly  as  a  result  of  the 
thermal  exposure  and,  in  general,  the  fatigue  properties  were  decreased  (the  very 
low  nvunber  of  cycles -to-failure  for  the  room -temperature  fatigue  tests  after  the  400°F 
exposure  is  believed  to  have  been  primarily  caused  by  the  higher  stress  level).  Values 
of  and  were  increased  slightly  as  a  result  of  the  100  hour  thermal  exposures 
(Table  17  and  Figure  72).  The  effect  of  the  thermal  exposures  on  the  mechanical 
properties  of  the  Ti-5Al-2.5Sn  ELI  material  is  believed  to  have  been  primarily  caused 
by  the  absorption  of  gases  during  exposure.  The  photomicrographs  in  Figure  74  show 
some  indications  of  gas  pickup,  particularly  at  the  higher  temperatures.  This  con¬ 
dition  also  explains  the  greater  effect  on  the  thinner  gauge  material. 

Thermal  cyclic  exposures  resulted  in  increases  in  yield  and  tensile  strength,  slight 
reductions  or  no  change  in  tensile  elongation,  increases  in  fusion-weld  tensile  strengths, 
and  significant  decreases  in  notched  tensile  strength.  These  effects  are  again  believed 
to  be  primarily  caused  by  gas  absorption  during  exposure.  Microstructures  were  very 
similar  to  those  for  the  thermal  exposures.  The  decrease  in  notched  tensile  strength 
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is  believed  to  be  significant,  but  not  of  sufficient  magnitude  to  prevent  the  use  of  the 
material  for  structural  applications,  particularly  when  room  temperature  design 
allowables  are  being  used.  The  crack-propagation  data  show  a  decrease  in  toughness 
due  to  thermal  cyclic  exposures  (from  -423°  to  800»F)  but  substantiate  adequate  tough¬ 
ness  for  structural  applications. 

The  effects  of  100-hour  thermal  exposures  (in  partial  pressures  of  oxygen  gas  in  a 
helium  atmosphere)  on  the  notched  tensile  properties  of  the  titanium- 5A1- 2. 5Sn  ELI 
alloy  are  shown  in  Figure  69.  The  exposures  resulted  in  rather  large  decreases  of  ^ 
the  notched  tensile  strength,  particularly  for  the  0.013  inch  thick  material  after  800°F 
exposures.  The  results  of  the  crack  propagation  tests  do  not,  however,  indicate  any 
severe  embrittlement  due  to  the  oxidation  exposures  (Figure  72).  Unitl  additional  data 
becomes  available  to  more  accurately  define  the  effects  of  thermal  exposures  on  this 
alloy  in  air  and  reduced  partial  pressures  of  oxygen  gas,  it  is  recommended  that  caution 
be  exercised  in  the  selection  of  safe  design  allowables. 

The  effects  of  elevated-temperature  thermal  exposures  in  a  hydrogen  or  partial  hydro¬ 
gen  gas  atmosphere  on  the  titanium-5Al-2.  5Sn  ELI  material  are  shown  in  Figure  70. 
Exposures  were  made  on  unstressed  specimens  for  one-half,  five,  and  fifty  hours  at 
400°,  600°,  and  800°F  in  15. 0  psia  and  1.0  and  0. 1  psig  of  hydrogen  gas.  There  was 
a  pronounced  decrease  in  the  notched  tensile  strength  as  a  result  of  the  hydrogen 
exposures.  There  was,  however,  little  effect  on  the  crack  propagation  properties 
after  exposure  in  various  pressures  of  hydrogen  gas  at  600°F  (Figure  72). 

An  unavoidable  delay  in  the  testing  of  the  crack  propagation  specimens  may  be  the 
reason  for  the  lack  of  an  effect  due  to  the  exposure.  It  was  nearly  two  months  after 
the  crack  propagation  specimens  were  exposed  before  testing;  whereas  the  notched 
specimens  were  tested  shortly  after  exposure.  Another  possible  explanation  of  the 
data  is  that  the  four  inch  wide,  center-notched  crack  propagation  specimens  are  less 
capable  of  detecting  a  decrease  in  toughness  of  the  titanium- 5A1-2. 5Sn  ELI  alloy  than 
are  edge  notched  (Kt  =  6. 3)  specimens.  The  decrease  in  notched  toughness  is  believed 
to  be  caused  by  hydrogen  absorption.  Microstructurals  studies  substantiate  this  belief. 
Large  numbers  of  titanium  hydride  platelets  are  visible  in  the  microstructures,  as 
may  be  seen  in  Figure  74. 

In  addition  to  the  unstressed  exposures,  a  number  of  notched  tensile  specimens  were 
exposed  to  various  hydrogen-gas  pressures  for  various  times  at  600°F  under  an 
applied  mechanical  load.  The  results  are  given  in  Table  15.  The  load  was  applied 
by  means  of  a  load  applicator  (see  Figures  38  and  39)  simultaneously  on  five  specimens 
for  each  exposure.  Specimens  were  clamped  by  a  pin-grip  arrangement,  and  if  the 
load  was  applied  equally  to  each  specimen  the  originally  intended  stress  levels  were 
10  ksi  or  about  15  percent  of  the  strength  of  this  material  (in  air)  at  temperature.  It 
is  possible  that  the  load  was  not  evenly  distributed,  in  which  case  the  maximum  load 
on  any  one  specimen  would  be  50  ksi  (or  75  percent  of  the  material's  short-time 
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tensile  strength  in  air  at  SOO^F).  This  information  is  provided  because  a  number  of 
the  specimens  failed  during  the  exposure.  Examples  of  the  failed  specimens  are 
shown  in  Figure  73.  Because  of  these  failures,  the  load  was  decreased  to  5  ksi  per 
specimen  for  two  of  the  50-hour  exposures;  however,  failure  still  occurred  during 
exposure  (after  8  and  14  hours  as  compared  to  2-1/2  hours  maximum  when  loaded  at 
10  ksi  per  specimen).  Those  loaded  specimens  that  did  not  fail  during  exposure 
possessed  notched  tensile  properties  equal  to,  or  slightly  less  than,  those  exposed 
to  hydrogen  with  no  applied  load.  While  it  would  seem  that  those  exposures  in  atmos¬ 
pheres  containing  the  highest  hydrogen-gas  content  would  result  in  the  most  detri¬ 
mental  effects,  this  was  not  necessarily  so.  A  possible  explanation  for  the  lower 
notched  tensile  strength  for  those  specimens  exposed  to  hydrogen-helium-gas  mixtures 
as  compared  to  values  for  those  specimens  exposed  to  a  pure  hydrogen  gas  (15.0-psia) 
atmosphere  is  the  presence  of  water  impurities  in  the  helium  gas.  These  impurities 
(at  elevated  temperatures)  may  cause  greater  gas  absorption,  and  thus  a  more  pro¬ 
nounced  effect  on  the  notched  tensile  properties  of  the  titanium  alloy.  It  is  recom¬ 
mended  that  additional  tests  be  performed  to  better  determine  the  effect  of  hydrogen 
exposures,  particularly  under  an  applied  load,  on  the  Ti-5Al-2. 5Sn  ELI  material. 
Based  on  the  present  data,  however,  it  is  recommended  that  extreme  caution  be 
exercised  in  the  employment  of  this  material  for  cryogenic  structural  applications 
after  exposure  to  elevated  temperatures  (600°F  or  above)  in  a  hydrogen-containing 
atmosphere.  This  is  particularly  true  if  the  material  is  stressed  during  exposure, 
since  it  appears  that  the  creep-rupture  life  of  notched  specimens  is  quite  poor  in  a 
hydrogen,  or  partial  hydrogen,  atmosphere. 

In  conclusion,  thermal,  cyclic,  and  oxidation  exposures  (at  400°,  600°,  and  800°F)  on 
the  Ti-5Al-2.5Sn  ELI  alloy,  in  general,  resulted  in  an  increase  in  the  jdeld,  tensile, 
and  weld  tensile  strengths  and  in  a  reduction  in  the  notched  tensile  strength,  fracture- 
toughness,  and  axial -fatigue  life.  The  loss  in  toughness  is  believed  to  be  significant 
and  should  be  taken  into  account  in  establishing  design  allowables,  but  is  not  believed 
to  be  critical  enough  to  justify  rejection  of  the  alloy  for  structural  applications. 
Thermal  exposures  in  hydrogen-containing-atmospheres  result  in  decreases  in  notched 
tensile  strengths  and  fracture  toughness,  particularly  those  exposures  at  600°  and 
800°F.  Application  of  an  applied  load  during  the  exposure  at  600°F  resulted  in  several 
failures,  indicating  a  very  poor  creep-rupture  life.  It  is  recommended  that  additional 
testing  be  performed  to  more  accurately  define  the  effects  of  hydrogen  exposures  on 
the  Ti-5Al-2.5Sn  ELI  alloy;  until  then,  extreme  caution  should  be  exercised  in  the  use 
of  this  material  for  structural  applications  when  exposed,  or  after  exposure,  to 
hydrogen  gas  at  elevated  temperatures. 
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4  RECOMMENDATIONS  FOR  FUTURE  WORK 


Because  of  the  lack  of  sufficient  literature  data  to  satisfy  the  needs  of  design  and 
metallurgical  engineers  working  on  cryogenic  fueled,  recoverable  aerospace  vehicles, 
it  is  recommended  that  additional  studies  be  conducted  in  three  areas  of  endeavor. 

First,  it  is  recommended,  in  order  to  provide  data  on  an  acceptable  back-up  material, 
that  at  least  one  additional  material  for  each  of  the  four  service  areas  be  evaluated. 

Second,  it  is  believed  that  a  better  definition  of  the  effects  of  exposures  on  mechanical 
properties  should  be  obtained  for  the  following: 

a.  Hydrogen  exposures,  particularly  with  an  applied  load. 

b.  Presence  of  other  materials  such  as  other  structural  materials,  insulations, 
sealing  materials,  coatings,  paints,  etc.  in  contact  or  near  contact  with  the 
material  being  evaluated. 

c.  A  better  definition  of  effect  of  temperature,  e.g.  tests  at  50°F  intervals  between 
600°F  and  800°F  for  the  titanium  alloys. 

The  third  area  of  recommended  study  is  to  subject  selected  materials  to  actual  flight- 
profile  exposures  and  to  determine  the  effects  on  mechanical  properties  and  to  deter¬ 
mine  the  number  of  cyclic  exposures  to  failure.  This  type  of  study  is  presently  being 
conducted  on  superalloys  and  coated  refractory  metals  under  USAF  Contract  AF  33(657)- 
11289,  but  should  also  include  materials  for  insulated  structure  and  liquid-oxygen  and 
liquid- hydrogen  tanks. 
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5  SUMMARY  AND  CONCLUSIONS 


The  objectives  of  this  investigation  were  to  evaluate  a  large  number  of  engineering 
materials  for  the  purpose  of  selecting  one  material  for  each  of  four  structural  appli¬ 
cations,  and  then  to  determine  the  effects  of  various  environmental  exposures  on  the 
mechanical  properties  of  these  selected  materials.  To  achieve  the  first  objective, 
a  literature  survey  was  conducted  and  then  augmented  by  a  screening  test  program 
which  was  conducted  on  thin-gauge  sheet  material  of  ten  alloys.  Approximately  700 
tensile  and  notched  tensile  specimens  were  tested  over  the  temperature  range  from 
-423°  to  800°F  in  the  Phase  I  test  program.  From  these  data  and  from  the  information 
obtained  from  the  literature,  the  materials  listed  below  were  selected  for  the  Phase  II 
test  program. 

Hastelloy  X  for  external  hot  structure. 

Titanium- 13V- 1 1C r-3Al  for  insulated  structure. 

Cold-Rolled  Type  301  Stainless  Steel  for  liquid-oxygen  tanks. 

Titanium-5Al-2.  5Sn  ELI  alloy  for  the  liquid-hydrogen  tanks. 

These  materials  were  selected  on  the  basis  of  favorable  mechanical  and  physical 
properties,  fabricability,  and  availability.  They  were  then  subjected  to  various 
environmental  exposures  to  determine  the  effects  on  their  mechanical  properties  and 
to  determine  their  suitability  for  structural  applications  in  those  areas  for  which 
they  were  selected.  Each  of  the  materials  were  subjected  to  long-time  (100-hour) 
thermal  exposures  in  air  at  several  elevated  temperatures,  thermal  cyclic  exposures 
from  the  minimum  operating  temperature  to  several  elevated  temperatures  for  100 
cycles,  and  oxidation  exposures  consisting  of  100-hour  exposures  at  elevated  temper¬ 
atures  in  partial  pressures  of  oxygen  gas.  In  addition,  the  titanium-5Al-2.  5Sn  ELI 
alloy  was  subjected  to  100-hour  exposures  at  various  elevated  temperatures  in  various 
pressures  of  hydrogen  gas.  A  number  of  these  latter  exposures  were  also  made  with 
an  applied  mechanical  load  on  the  specimens  during  the  exposure.  To  determine  the 
effect  on  mechanical  properties,  tensile,  notched  tensile,  fusion-weld  tensile,  axial- 
fatigue,  and  crack-propagation  specimens  were  exposed  and  subsequently  tested  at 
the  anticipated  minimum  operating  temperature.  These  properties  were  then  com¬ 
pared  with  base-line  properties  as  determined  on  the  test  materials  in  the  as-received 
condition.  A  total  of  nearly  1500  tensile,  fatigue,  and  crack  propagation  tests  were 
performed.  In  addition,  nearly  400  metallographic  analyses  and  X-ray,  hardness, 
and  magnetic  measurements,  when  applicable,  were  made  to  help  determine  and 
explain  the  effects  of  the  various  exposures  on  the  properties  of  the  test  materials. 
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Based  on  the  experimental  data  obtained  in  this  investigation  and  upon  the  information 
contained  in  this  report,  the  following  conclusions  and  recommendations  are  made; 

a.  Material  for  external  hot  structure; 

1.  Of  the  alloys  evaluated  for  structural  use  above  1600°F,  annealed  Hastelloy  X 
is  believed  to  provide  the  best  combination  of  properties.  This  alloy  was 
selected  primarily  on  the  basis  of  availability  in  foil  gauges,  fabricability, 
and  oxidation  resistance  at  elevated  temperatures. 

2.  Thermal  exposures  indicate  that  Hastelloy  X  is  unacceptable  (because  of 
severe  oxidation)  for  structural  application  involving  long-time  (100-hour) 
exposures  (in  air)  above  1800°F  for  0. 00 5 -inch-thick  material  and  above 
2000'’F  for  0.  010-inch-thick  material.  Limited  studies  indicate  that  0.010- 
inch-thick  Hastelloy  X  may  be  acceptable  for  structural  application  after 
2200‘'F  exposures  for  up  to  about  50  hours  exposure  time.  In  addition, 
exposures  at  1600°  and  1800°F  cause  a  decrease  in  the  room-temperature 
yield  and  tensile  strengths  and  would  probably  necessitate  a  lowering  of 
design  allowables  for  this  application. 

3.  Thermal  cyclic  exposures  indicate  that  both  0.005-  and  0.010-inch-thick 
Hastelloy  X  is  acceptable  for  structural  use  after  100  cycles  from  75°  to 
1600°,  1800°,  2000°,  and  2200°F  in  air.  There  is,  however,  a  significant 
decrease  in  the  residual  strength  properties  after  cyclic  exposures  to 
2000°  and  2200°F. 

4.  Oxidation  exposures  indicate  that  Hastelloy  X  is  unacceptable  for  structural 
applications  after  100-hour  thermal  exposures  in  reduced  partial  pressures 
of  oxygen  gas  above  1800°F  for  the  0.005-inch-thick  material  and  above 
2000°F  for  the  0.010-inch-thick  material.  This  is  in  accord  with  the  data 
obtained  on  specimens  after  similar  exposures  in  air. 

5.  It  is  recommended  that  thin-gauge  Hastelloy  X  specimens  be  subjected  to 
a  total  flight  profile  exposure  including  time,  temperature,  and  load  to 
determine  the  effects  on  mechanical  properties,  and  that  additional 
materials,  such  as  Rene’  41  and  TD  nickel,  be  included  in  the  test  pro¬ 
gram. 

b.  Material  for  insulated  structure; 

1.  Annealed  titanium-13V-llCr-3Al  alloy  was  selected  for  insulated,  in¬ 
ternal  structural  use  primarily  because  of  availability  in  thin-gauge 
sheet,  but  also  because  of  its  desirable  strength-to-density  and  fabri¬ 
cation  properties. 
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2.  Long-time  (100-hour)  thermal  exposures  show  little  effect  on  tensile 
properties  after  400°  and  600°F  exposures;  however,  a  very  large 
increase  in  strength  and  decrease  in  elongation  is  evident  after  800° F 
exposures.  The  large  effect  of  the  800°F  exposure  is  attributed  to  a 
combination  of  aging  and  oxidation.  Based  on  the  tensile  data  and  infor¬ 
mation  obtained  from  microstructural  studies,  it  is  recommended  that 
thin-gauge  Ti-13V-llCr-3Al  not  be  used  for  structural  application  after 
long-time  thermal  exposures  at  800°F. 

3.  Thermal  cyclic  exposures  from  75°  to  400°  and  600°F  for  100  cycles  show 
little  effect  on  the  mechanical  properties  of  the  0.005-  and  0.010-inch- 
thick  Ti-13V-llCr-3Al  alloy.  However,  similar  exposures  at  800°F  cause 
increase  in  strength  and  significant  decreases  in  ductility;  therefore,  it  is 
not  recommended  for  structural  use  after  800°F  exposures. 

4.  Oxidation  exposures  for  100  hours  in  reduced  partial  pressures  of  oxygen 
gas  show  little  effect  on  notched  toughness  after  400°  and  600°F  exposures 
but  it  displays  a  sharp  decrease  in  notched  toughness  after  800°F  exposure. 
It  is,  therefore,  not  recommended  for  structural  use  after  800°F  exposure, 
even  in  reduced  partial  pressures  of  oxygen  gas. 

5.  Static  and  axial-fatigue  tests  of  four-inch-wide  fusion-welded  joints  show 
a  decrease  in  static  tensile  strength  after  100-hour  thermal  exposures  at 
400°,  600°,  and  800°F  in  air,  and,  based  on  very  limited  data,  a  possible 
decrease  in  fatigue  life  after  exposures  at  600°  and  800°F.  These  results 
are  believed  to  be  due  to  preferential  gas  absorption  at  the  fusion-weld 
area,  substantiated  by  metallographic  analyses,  and  due  to  mismatch, 
porosity,  etc.  occurring  during  welding  very-thin-gauge  titanium.  It  is 
recommended  that  additional  studies  be  conducted  to  better  define  the 
effect  of  thermal  exposures  on  fusion-welded  joints. 

c.  Material  for  liquid-oxygen  tankage; 

1.  Cold- rolled  Type  301  stainless  steel  was  selected  for  the  liquid-oxygen 
tankage  material  because  of  its  favorable  strength-to-density,  fabric- 
ability,  availability,  and  liquid-oxygen  compatibility  and  because  a 
large  amount  of  mechanical-property  and  performance  data  are  avail¬ 
able. 

2,  Thermal  exposures  for  100  hours  (in  air)  resulted  in  an  increase  in 
yield  and  tensile  strength  at  -320°F  after  exposures  at  400°  and  600°F, 
and  a  decrease  after  exposure  at  800°F.  Elongations  were  either 
slightly  increased  or  unaffected.  The  static  tensile  strength  of  com¬ 
plex  welded  joints  at  -320°F  was  affected  similarily:  an  increase  after 
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400°  and  600°F  exposures  and  a  decrease  after  800°F  exposures.  Axial- 
fatigue  life  was  improved  as  a  result  of  thermal  exposures.  Crack- 
propagation  properties  at  -320°F  were  reduced  as  a  result  of  exposures 
at  SOO^F.  The  reasons  for  these  effects  are  not  clearly  understood,  but 
are  believed  to  be  a  result  of  a  combination  of  factors  including  stress 
relieving,  tempering,  aging,  and  overaging.  These  results  indicate  that 
cold- rolled,  EFH  Type  301  stainless  steel  is  acceptable  for  structural  use 
after  long-time  thermal  exposures  at  400°,  600°,  and  possibly  800°F. 

3.  Thermal  cyclic  exposures  from  -320°F  to  400°,  600°,  and  800°F  resulted, 
generally,  in  increases  of  the  yield,  tensile,  fusion-weld  and  notched  tensile 
strengths,  and  elongation.  Exceptions  were  decreases  in  the  weld  tensile 
strength  for  some  exposure  conditions  (believed  to  be  due  to  preferential 
oxidation  in  the  weld  area)  and  failure  of  the  0.  003-inch-thick  notched 
tensile  specimens  during  thermal  cyclic  exposures.  The  reason  for  fail¬ 
ure  of  these  specimens  is  not  clearly  understood;  however,  since  speci¬ 
mens  failed  for  all  exposure  conditions  (-320*Fto400°,  600°,  and  800°F) 
during  15  to  50  cycles,  it  is  recommended  that  sharp  stress  concentrations 
be  avoided  in  the  design  and  fabrication  of  structures  incorporating  very 
thin-gauge  EFH  301  stainless  steel  sheet  material. 

4,  Oxidation  exposures  in  reduced  partial  pressures  of  oxygen  gas  resulted  in 
increased  notched  tensile  strengths  after  400°  and  600°F  exposures,  but 
decreased  notched-toughness  and  crack-propagation  properties  after  800°F 
exposures.  The  decrease  in  toughness  after  800°F  exposures  is  believed  to 
be  due,  in  part,  to  surface  oxidation.  Although  the  decrease  in  toughness  is 
not  believed  to  be  severe  enough  to  reject  the  material  for  structural 
applications  after  long-time  exposures  at  800°F,  it  is  recommended  that  the 
material  be  limited  to  a  lesser  operating  temperature  to  ensure  optimium 
toughness. 

d.  Material  for  liquid-hydrogen  tankage: 

1.  Annealed  titanium- 5A1-2.  5Sn  ELI  was  chosen  for  service  in  liquid-hydrogen 
tankage  over  other  candidate  materials  primarily  because  of  its  impressive 
strength-to-density  ratio,  particularly  at  cryogenic  temperatures.  However, 
difficulty  in  commercial  procurement  of  this  alloy  in  very  thin  gauges  may 
be  cause  for  rejection  of  this  alloy  for  many  areas  of  the  intended  application. 
It  is  therefore  recommended  that  the  Ti-5Al-2,  5Sn  ELI  alloy  be  included  in 
the  existing  foil-rolling  program,  and  that  an  additional  material  such  as 
cold- rolled  Type  310  stainless  steel  be  investigated  as  a  possible  backup 
material  for  liquid-hydrogen  tank  structure. 
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2.  Long-time  (100-hour)  thermal  exposures  at  400°,  600°,  and  800°F  on  the 
Ti-5Al-2.  5Sn  ELI  alloy  resulted  in  increased  yield  and  tensile  strengths  at 
-423°F  with  little  or  no  effect  on  elongation.  Static  tensile  strengths  of  four- 
inch-wide  fusion-welded  joints  were  slightly  increased,  whereas  axial-fatigue 
life  of  these  joints  was  reduced.  Increased  strength  is  believed  to  be  due  to 
gas  absorption,  which  is  substantiated  by  metallographic  examination.  Duct¬ 
ility  and  toughness  did  not  seem  to  be  severly  impaired. 

3.  Thermal  cyclic  exposures  for  100  cycles  from  -423°F  to  400°,  600°,  and  800°F 
resulted  in  increased  yield,  tensile,  and  weld  tensile  strengths  of  the  Ti-5A1- 
2.  5Sn  ELI  alloy  at  -423°F.  Elongations  were  essentially  unaffected.  Notched 
tensile  strengths  and  crack-propagation  properties  were  decreased.  The 
decrease  in  toughness  is  not  believed  to  be  severe  enough  to  cause  rejection 
of  the  material  for  structural  use.  However,  the  decrease  should  be  con¬ 
sidered  before  determining  design  allowables  (i.e.  room  temperature,  and 
not  cryogenic  strength  allowables,  are  recommended  to  increase  the  safety 
factor). 

4.  Oxidation  exposures  for  100  hours  at  400°,  600°,  and  800°F  in  partial  pressure 
of  oxygen  resulted  in  decreased  notched  tensile  strengths.  This  decrease  is 
attributed  to  oxygen  absorption.  As  for  the  previous  exposures,  the  decrease 
in  toughness  is  not  believed  to  be  of  sufficient  severity  to  warrant  rejection 

of  the  alloy  for  structural  use.  This  is  substantiated  by  the  little  or  no  effect 
shown  on  the  crack  propagation  data. 

5.  Long-time  (100-hour)  thermal  exposures  at  400°,  600°,  and  800°F  in  various 
pressures  of  hydrogen  gas  resulted  in  significant  decreases  in  notched  tensile 
strength  and  crack-propagation  properties  at  -423°F.  However,  a  more 
severe  exposure  occurred  as  a  result  of  applying  a  mechanical  load  during 
thermal  exposures  at  600°F  in  various  pressures  of  hydrogen  gas.  The 
application  of  the  load  caused  failure  in  nearly  half  of  the  notched  tensile 
specimens  during  exposure.  The  poor  creep-rupture  life  during  600°F  ex¬ 
posure  and  the  decrease  in  toughness  resulting  from  these  exposures  is 
believed  to  be  due  to  hydrogen  absorption.  Microstructural  studies  sub¬ 
stantiated  this  deficiency  by  showing  the  formation  of  large  numbers  of 
titanium  hydride  platelets.  The  decrease  in  toughness  and  the  poor  creep- 
rupture  life  caused  by  exposure  to  hydrogen  gas  is  felt  to  be  a  serious  prob¬ 
lem.  For  this  reason  it  is  recommended  that  additional  studies  be  performed 
to  more  accurately  define  the  effects  of  hydrogen  exposures  on  the  Ti-5A1- 

2.  5Sn  ELI  alloy  before  it  is  used  structurally  in  an  elevated-temperature 
hydrogen  environment. 
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ILLUSTRATIONS 
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FOR  EXTERNAL  HOT  STRUCTURE 


Figure  2.  Photomicrograph  of  Haynes  25  (10%  Cold  Rolled) 

Etchant:  Hydrochloric,  Chromic  Acids,  Electrolytic 
Magnification:  500  X 


Figure  3.  Photomicrograph  of  Haynes  R-41  (Annealed) 
Etchant:  Marble*  s  Reagent 
Magnification:  500  X 
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FOR  EXTERNAL  HOT  STRUCTURE 


Figure  4.  Photmicrograph  of  Hastelloy  R-235  (10%  Cold  Rolled) 
Etchant:  Marble*  s  Reagent 
Magnification:  500  X 


Figure  5.  Photomicrograph  of  Hastelloy  X  (10%  Cold  Rolled) 
Etchant:  10%  Oxalic  Acid  Electrolytic 
Magnification:  500  X 
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FOR  EXTERNAL  HOT  STRUCTURE 


Figure  6.  Photomicrograph  of  Inconel  718  (Annealed) 
Etchant:  Hydrochloric  &  Hydrogen  Peroxide 
Magnification:  500  X 
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FOR  INSULATED  STRUCTURE 
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Figure  7.  Photomicrograph  of  Titanium-8Al-lMo-lV  Alloy  (Annealed) 
Etchant:  Kroll*  s 
Magnification:  500  X 


Figure  8.  Photomicrograph  of  Titanium-13V-llCr-3Al  Alloy  (Annealed) 
Etchant:  Modified  Kroll'  s 
Magnification:  500  X 
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FOR  LIQUID  OXYGEN  TANKAGE 


Figure  9.  Photomicrograph  of  Type  301  Stainless  Steel 
(Extra  Full  Hard) 

Etchant:  10%  Oxalic  Acid,  Electrolytic 
Magnification:  500  X 
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FOR  LIQUID  HYDROGEN  TANKAGE 


Figure  10.  Photomicrograph  of  Type  310  Stainless  Steel  (Full  Hard) 
Etchant:  Hydrochloric  acid  &  Hydrogen  Peroxide 
Magnification:  500  X 
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Figure  11.  Photomicrograph  of  Titanium-5Al-2.  5Sn  ELI  (Annealed) 
Etchant:  Kroll'  s 
Magnification:  500  X 
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Figure  12.  Tensile  Testing  Apparatus  Equipped  for 
Elevated  Temperature  Tests 
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Figure  13.  Resistance  Furnace  for  Elevated 
Temperature  Tensile  Testing 
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Figure  14.  Liquid-Hydrogen  Cryostat  for  Tensile  Testing  at  -423°F 
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Figure  15.  Cryo-Extensometer  Assembly 
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ELONGATION  (PERCENT) 
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Figure  16.  Tensile  Strength  and  Elongation  of  Haynes  25,  Haynes 
R-41,  Hastelloy  R-235,  HastelloyX,  Inconel  718  at 
Various  Test  Temperatures  (Longitudinal  Direction) 
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Figure  17.  Tensile  Strength  and  Elongation  of  Haynes  25,  Haynes 
R-41,  Hastelloy  R-235,  HastelloyX,  Inconel  718  at 
Various  Test  Temperatures  (Transverse  Direction) 
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Figure  18.  Yield  Strength  of  Haynes  25,  Haynes  R-41,  Hastelloy  R-235, 
Hastelloy  X,  Inconel  718  at  Various  Test  Temperatures 
(Longitudinal  Direction) 
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Figure  19.  Yield  Strength  of  Haynes  25,  Haynes  R-41,  Hastelloy  R-235, 
Hastelloy  X,  Inconel  718  at  Various  Test  Temperatures 
(Transverse  Direction) 
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Figure  20.  Notched  Tensile  Strength  (Kt=  6.3)  of  Haynes  25,  Haynes  R-41, 
Hastelloy  R-235,  Hastelloy  X,  Inconel  718  at  Various  Test 
Temperatures  (Longitudinal  Direction) 
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Figure  21.  Notch  Tensile  Strength  (Kt=  6.  3)  of  Haynes  25,  Haynes  R-41, 
Hastelloy  R-235,  Hastelloy  X,  Inconel  718  at  Various  Test 
Temperatures  (Transverse  Direction) 
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notched/unnotched  tensile  ratio  (LONGITUDINAL) 


Figure  22.  Notch/Unnotched  Tensile  Ratio  of  Haynes  25,  Haynes  R-41, 
Hastelloy  R-235,  Hastelloy  X,  Inconel  718  at  Various  Test 
Temperatures  (Longitudinal  Direction) 
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notched/ UNNOTCHED  TENSILE  RATIO  (TRANSVERSE) 
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Figure  23.  Notch/Unnotched  Tensile  Ratio  of  Ha3mes  25,  Haynes  R-41, 
Hastelloy  R-235,  Hastelloy  X,  Inconel  718  at  Various  Test 
Temperatures  (Transverse  Direction) 
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Figure  24.  Mechanical  Properties  of  Titanium-SAl-lMo-lV 
Alloy  and  Titanium-13V-llCr-3Al  Alloy  at  Vari¬ 
ous  Test  Temperatures  (Longitudinal  Direction) 
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Figure  25.  Mechanical  Properties  of  Titanium-8Al-lMo-lV 
Alloy  and  Titanium-13V-llCr-3Al  Alloy  at  Vari¬ 
ous  Test  Temperatures  (Transverse  Direction) 
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Figure  26.  Mechanical  Properties  of  Type  301  and  310  Stainless 
Steel  and  Titanium-5Al-2.  5  Sn  Alloy  at  Various  Test 
Temperatures  (Longitudinal  Direction) 
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Figure  27.  Mechanical  Properties  of  Type  301  and  310  Stainless 
Steel  and  Titanium-5Al-2.  5Sn  Alloy  at  Various  Test 
Temperatures  (Transverse  Direction) 
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Figure  28.  Tensile  Strength  -  Density  of  Screening  Test 
Alloys  at  Various  Test  Temperatures 
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Figure  29.  Yield  Strength  -  Density  of  Screening  Test 
Alloys  at  Various  Test  Temperatures 
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NOTES 

1.  Metal  stamping  of  parts  not  permitted. 

2.  Buttweld  test  skins  prior  to  machining. 

3.  Spotwelds  per  spec  MIL -W -6 8 58 A. 

4.  Tolerance  on  location  of  spotwelds  to  be  ±0. 06. 

5.  Test  section  width  minimum  at  center.  Total  taper  to  be  0. 010  from 
one  end  to  center. 

6.  Edges  of  skin  must  be  sharp  and  free  from  burrs. 

7.  Holes  to  be  centered  with  test  section  ±0.  015. 

8.  In  radius  no  notches  or  undercuts  permitted. 

9.  Material  spec  to  be  called  out  with  specimen  request. 

10.  Edges  of  test  skin  to  be  machined  to  1^ 

finish. 

11.  Each  specimen  to  have  gage,  coil,  heat,  spec  and  specimen  number. 

12.  Heliarc  buttwelds  per  spec  0-75005. 


Figure  30.  Axial  Fatigue  Specimen  for  301  Stainless  Steel 


70 


CO 


CO 

0 


o 


a 


CO 

CJ 

o 

CO 

(D 


w 

H 

O 

:z; 


71 


Figure  31.  Axial  Fatigue  Specimen  for  Titanium  Alloys 


NOTE:  SPOTWELDED  DOUBLER 
FOR  4-INCH  SPECIMEN 
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Figure  32.  Center -Notch  Specimen 
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Figure  33.  General  View  of  Gaseous  Exposure  Test  Apparatus 


Figure  34,  Close-Up  View  of  Gaseous  Exposure  Test 
Retort  Containing  Specimen  Fixture 
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Figure  35.  Retort 
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Figure  36.  Glo-Bar  Box  Furnace 


Figure  37.  Apparatus  for  Oxidation  Exposures  (1600  to  2200°F) 
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Figure  38.  Load  Applicator 


TEST  SPECIMEN  .BELLOWS  AIR  CYLINDER 
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Figure  39.  Schematic  View  of  Pneumatic  Load  Applicator 
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Figure  4a.  Fatigue  Test  Chambers  for  Room  Temperature  and  Liquid-Nitrogen  Testing 


Figure  41.  Fatigue  Test  Bed  with  Liquid -Hydrogen  Test  Chamber 
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Figure  42.  Liquid-Hydrogen  Cryostat  for  Crack  Propagation  Testing 
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ELONGATION  (PERCENT) 


AS  REC'D  1600  1800  2000  2200 

EXPOSURE  TEMPERATURE  (°F) 


Figure  43.  Mechanical  Properties  of  Hastelloy  X  (at  75®F) 
after  Thermal  Exposures  for  100  Hours  in  Air 
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1600  1800  2000  2200 


EXPOSURE  TEMPERATURE  (“F) 


Figure  44.  Mechanical  Properties  of  Hastelloy  X  (at  75‘’F)  after  Thermal- 
Cyclic  Exposures  for  100  Cycles  in  Air  (0.005  In.  Thickness) 
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ELONGATION  (PERCENT) 


50 


EXPOSURE  TEMPERATURE  (°F) 


Figure  45.  Mechanical  Properties  of  Hastelloy  X  (at  75'’F)  after  Thermal- 
Cyclic  Exposures  for  100  Cycles  in  Air  (0.010  In.  Thickness) 


85 


STRENGTH  (KSI)  STRENGTH  (KSI) 


Hastelloy-X,  Oxidation  for  100  Hours  (0. 1  PSIG  O2) 


EXPOSURE  TEMPERATURE  (°F) 


Hastelloy  X,  Oxidation  for  100  Hours  (1.0  PSIG  O2) 

Figure  46.  Notched  Tensile  Properties  of  Hastelloy  X  (at  75“F) 
after  Oxidation  Exposures  for  100  Hours  in  Reduced 
Partial  Pressures  of  Oxygen  Gas 
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OXIDE  THICKNESS 
(10-6  INCH) 


A.  0.  005-Inch  Thick  Haste  Hoy  X 
Specimens  after  100  Hour  Ther¬ 
mal  Exposure  at  2200®F  in  Air 


TEMPERATURE  (°F) 

C.  Total  Oxide  Thickness  as  a 
Function  of  Temperature  after 
100  Hour  Exposure 


B.  0.  010-Inch  Thick  Hastelloy  X 

Specimens  after  Thermal  Exposure 
at  2200®F  in  Air  for  Times  as  Indi¬ 
cated,  in  Hours 
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D.  Thickness  of  Oxide  Layer  as 
a  Function  of  Time  of  Exposure 
at  2200°F  in  Air 


Figure  47.  Photographs  and  Oxidation  Curves  of 
Hastelloy  X  after  Various  Exposures 
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A.  0.  010-Inch  Thick  Base  Metal 

Exposure:  1600°F  in  Air  for  100  Hours 
Etchant:  10%  Oxalic,  Electrolytic 
Magnification:  250  X 


C.  0.  010-Inch  Thick  Base  Metal 

Exposure:  2000°F  in  Air  for  100  Hours 
Etchant:  10%  Oxalic,  Electrolytic 
Magnification:  250  X 


B.  0.  010-Inch  Thick  Base  Metal 

Exposure:  1800°  F  in  Air  for  100  Hours 
Etchant:  10%  Oxalic,  Electrolytic 
Magnification:  250  X 


D.  0.  005-Inch  Thick  Base  Metal 

Exposure:  1800°F  in  Air  for  100  Hours 
Etchant:  10%  Oxalic,  Electrolytic 
Magnification:  250  X 


Figure  48.  Photomicrographs  of  Hastelloy  X  Sheet  Material  (Sheet  1  of  2) 
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E.  0.010-Inch  Thick  Base  Metal 

Exposure:  100  Cycles  from  75° to  1600°F 
Etchant:  10%  Oxalic,  Electrolytic 
Magnification:  250  X 


F.  0.  010-Inch  Thick  Weld  Metal 

Exposure:  100  Cycles  from  75°tol800°F 
Etchant:  10%  Oxalic,  Electrolytic 
Magnification;  250  X 


G.  0.  010-Inch  Thick  Base  Metal 

Exposure:  1600°  F  in  0. 1  psig  O2  for  100 
Hours 

Etchant;  10%  Oxalic,  Electrolytic 
Magnification;  250  X 


H.  0.  010-Inch  Thick  Base  Metal 

Exposure:  1600°F  in  1.0  psig  O2  for  100 
Hours 

Etchant:  10%  Oxalic,  Electrolytic 
Magnification:  250  X 


Figure  48.  Photomicrographs  of  Hastelloy  X  Sheet  Material  (Sheet  2  of  2) 
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ELONGATION  (PERCENT) 


Figure  49.  Mechanical  Properties  of  Titanium-13V-llCr-3Al  Alloy 
(at  75°  F)  after  Thermal  Exposures  for  100  Hours  in  Air 
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Figure  50.  Mechanical  Properties  of  Titanium-13V-llCr-3Al 
Alloy  (at  75®F)  after  Thermal  Cyclic  Exposures  for 
100  Cycles  in  Air  (0.005  In.  Thickness) 
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Figure  51.  Mechanical  Properties  of  Titanium- 13V- 1 1C r-3Al 
Alloy  (at  75‘’F)  after  Thermal  Cyclic  Exposures  for 
100  Cycles  in  Air  (0.010  In.  Thickness) 
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STRENGTH  (KSI)  STRENGTH  (KSl) 


EXPOSURE  TEMPERATURE  (“F) 
Ti-13V-Cr-3Al,  Oxidation  for  100  Hours  (1,0  PSIG  O2) 


EXPOSURE  TEMPERATURE  (°F) 
Ti-13V-llCr-3Al,  Oxidation  for  100  Hours  (0. 1  PSIG  O2) 

Figure  52.  Notched  Tensile  Properties  of  Titanium-13V-llCr-3Al 
Alloy  (at  TS^F)  after  Oxidation  Exposures  for  100  Hours 
in  Reduced  Partial  Pressures  of  Oxygen  Gas 
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NUMBER  OF  CYCLES  TO  FAILURE  STRENGTH  (KSI) 
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Figure  53.  Static  and  Fatigue  Properties  of  Welded  Joints  of 
the  Titaniuin-13V-llCr-3Al  Alloy  (at  75*F)  after 
Thermal  Exposures  for  100  Hours  in  Air 
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A.  Base  Metal 

Exposure;  As  Received 
Etchant;  Kroll'  s 
Magnification;  250  X 


B.  Base  Metal 

Ejq)osure;  600®F  in  1.  0  psig  O 
for  100  Hours  ^ 
Etchant;  Kroll*  s 
Magnification;  250  X 


C.  Weld  Metal 

Exposure;  100  Cycles  from  75° 
to  600°F 

Etchant;  Kroll'  s 
Magnification;  250  X 


D,  Base  Metal 

Exposure;  800°F  in  Air  for 
100  Hours 
Etchant;  Kroll'  s 
Magnification:  250  X 


Figure  54.  Photomicrographs  of  Titanium-13 V-llCr-3Al 
Sheet  Material  (0.  005-Inch  Thickness) 
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A.  Base  Metal 

Exposure:  As  Received 
Etchant:  Kroll'  s 
Magnification:  250  X 


B.  Base  Metal 

Exposure:  600°  in  Air  for 
100  Hours 
Etchant:  Kroll’  s 
Magnification:  250  X 


C.  Heat  Affected  Zone  of  Weld 
Exposure:  100  Cycles  from 
75°  to  800°  F 
Etchant:  Kroll’  s 
Magnification:  250  X 


D.  Base  Metal 

Exposure:  800°F  in  1.  0  psig  O2  for 
100  Hours 
Etchant:  Kroll'  s 
Magnification:  250X 


Figure  55.  Photomicrographs  of  Titanium-13V-llCr-3Al  Sheet  Material 
(0.  010-Inch  Thickness) 
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Figure  56.  Mechanical  Properties  of  301-Stainless  Steel 
(at  -320®F)  after  Thermal  Exposures  for  100 
Hours  in  Air  (0.003  In.  Thickness) 
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Figure  57.  Mechanical  Properties  of  301-Stainless  Steel 
(at  -320°F)  after  Thermal  Exposures  for  100 
Hours  in  Air  (0.  006  In.  Thickness) 


98 


ELONGATION  (PERCENT) 


350 


50 

40 

30 

20 

10 

0 


300 


X 

o  250 


PS 


CO 


200 


150 


AS  REC'D  400  600  800 

EXPOSURE  TEMPERATURE  (°F) 


Figure  58.  Mechanical  Properties  of  301-Stainle88  Steel 
(at  -320*F)  after  Thermal  Exposures  for  100 
Hours  in  Air  (0. 010  In.  Thickness) 
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59.  Mechanical  Properties  of  301-Stainless  Steel 
(at  -320^)  after  Thermal  Cyclic  Exposures 
for  100  Cycles  (0.  003  In.  Thickness) 
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Figure  60.  Mechanical  Properties  of  SOl-Stainless  Steel 
(at  -320®F)  after  Thermal  Cyclic  Exposures 
for  100  Cycles  (0.006  In.  Thickness) 
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Figure  61.  Mechanical  Properties  of  301-Stainless  Steel 
(at  -320°F)  after  Thermal  Cyclic  Exposures 
for  100  Cycles  (0.010  In.  Thickness) 
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STRENGTH  (KSI)  STRENGTH  (KSI) 


301  Stainless  Steel  Oxidation  for  100  Hours  (1.0  PSIG  O2) 


EXPOSURE  TEMPERATURE  (°F) 

301  Stainless  Steel  Oxidation  for  100  Hours  (0. 1  PSIG  O2) 

Figure  62.  Notched  Tensile  Properties  of  301-Stainless  Steel  (at  -320®F) 
after  Oxidation  Exposures  for  100  Hours  in  Reduced  Partial 
Pressures  of  Oxygen  Gas 
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NUMBER  OF  CYCLES  TO  FAILURE  STRENGTH  (KSI) 
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AS  REC'D  400  600  800 

EXPOSURE  TEMPERATURE  (°F) 

Static  Tensile  Strength  of  Complex  Welded  Joints 


AS  REC'D  400  600  800 
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Axial  Fatigue  Properties  of  Complex  Welded  Joints 


Figure  63.  Static  and  Fatigue  Properties  of  Complex  Welded 
Joints  of  301-Stainless  Steel  (at  -320®F)  after 
Thermal  Exposures  for  100  Hours  in  Air 
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■A*  Notchsd  T6nsil6  Sp6cim6nt  3.ft6r  17  Cycl6s 
from  -320°F  to  600°F 


B.  400°F 


C.  600°F 


D.  800°F 


Base  Metal 

Exposure:  100  Hours  in  0. 1  psig  at  Given  Temperature 
Etchant:  10%  Oxalic,  Electrolytic 
Magnification:  250  X 

Figure  64.  Photograph  and  Photomicrographs  of  Type  301-Stainless 
Steel  after  Various  Exposures  (0,  003-Inch  Thickness) 
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A.  400°F 


B.  600°F 


C.  SOO^F 


Base  Metal 

Exposure;  100  Hours  in  Air  at  Given  Temperature 
Etchant;  10%  Oxalic,  Electrolytic 
Magnification;  250  X 

Figure  65.  Photomicrographs  of  301-Stainless  Steel  after  Various 

Exposures  (0.006  In.  and  0.010  In.  Thickness)  (Sheet  1  of  3) 
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D.  400°F 


F.  800'’F 


Base  Metal 

Exposure:  100  Hours  in  1.0  psig  O2  at  Given  Temperature 
Etchant:  10%  Oxalic,  Electrol5rtic 
Magnification:  250  X 

Figure  65.  Photomicrographs  of  301-Stainless  Steel  after  Various 
Exposures  (0.006  In.  and  0.010  In.  Thick)  (Sheet  2  of  3) 
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Base  Metal 

Exposure;  100  Cycles  at  Given  Temperature 
Etchant;  10%  Oxalic,  Electrolytic 
Magnification;  250  X 

Figure  65.  Photomicrographs  of  301-Stainless  Steel  after  Various 
Exposures  (0.006  In.  and  0.010  In.  Thick)  (Sheet  3  of  3) 
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ELONGATION  (PERCENT) 


Figure  66.  Mechanical  Properties  of  Titanium-5Al-2. 5Sn  ELI  Alloy 
(at  -423°F)  after  Thermal  Exposures  for  100  Hours  in  Air 
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260 


EXPOSURE  TEMPERATURE  (®F) 

Figure  67.  Mechanical  Properties  of  Titanium-5Al-2. 5Sn  ELI  Alloy  (at  -423°F) 
after  Thermal  Cyclic  Exposures  for  100  Cycles  (0.006  In.  Thickness) 
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Figure  68.  Mechanical  Properties  of  Titanium-5Al-2.  5Sn  ELI  Alloy  (at  -423®F) 
after  Thermal  Cyclic  Exposures  for  100  Cycles  (0.013  In.  Thickness) 
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Ti-5Al-2.5Sn  ELI,  Oxidation  for  100  Hours  (1.0  psig  Og) 


Ti-5Al-2.5Sn  ELI,  Oxidation  for  100  Hours  (0.1  psig  Og) 


Figure  69.  Notched  Tensile  Properties  of  Titanium-5Al-2.  5Sn  ELI 
Alloy  (at  -423°F)  after  Oxidation  Exposure  for  100  Hours 
in  Reduced  Partial  Pressures  of  Oxygen  Gas 
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800 


O  0.1  Psig  H2  Gas 
□  1.0  Psig  Hg  Gas 
A  15. 0  Psia  Hg  Gas 


ASREC'D  400  600 

EXPOSURE  TEMPERATURE  (°F) 
Properties  after  30  Minute  Exposure 


Properties  after  300  Minute  Exposure 


EXPOSURE  TEMPERATURE  (°F) 
Properties  after  3000  Minute  Exposure 


Figure  70.  Notched  Tensile  Properties  of  Titanium -5A1 -2.  5Sn 
ELI  Alloy  (at  -423  F)  after  Exposures  in  Various 
F>ressures  of  Hydrogen  Gas 
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NUMBER  OF  CYCLES  TO  FAILURE  STRENGTH  (KSI) 


Static  Tensile  Strength  of  Welded  Joints 


EXPOSURE  TEMPERATURE  (°F) 
Axial  Fatigue  Properties  of  Welded  Joints 


Figure  71.  Static  and  Fatigue  Properties  of  Welded  Joints  of 
Titanium-5Al-2.  5Sn  ELI  Alloy  (at  75°F  and  -423°F) 
after  Thermal  Exposures  for  100  Hours  in  Air 
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425 


92 


350 


EXPOSURE  TEMPERATURE  (°F) 

Properties  After  Thermal  Exposures  for  100  Hours  in  Air 


EXPOSURE  TEMPERATURE  (°F) 

Properties  After  Cyclic  Exposures  for  100  Cycles  in  Air 

Figure  72.  Crack  Propagation  Properties  of  Titanium-5Al-2. 5Sn  ELI 
Alloy  (at  -423°F)  after  Various  Exposures  (Sheet  1  of  2) 
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EXPOSURE  TEMPERATURE  (°F) 

Properties  After  Oxidation  Exposures  for  100  Hours  in  1.0  psig  of  Oxygen 


Properties  After  Hydrogen  Gas  Exposures  for  50  Hours  at  600  °F 


Figure  72.  Crack  Propagation  Properties  of  Titanium-5Al-2. 5Sn  ELI 
Alloy  (at  -423°  F)  after  Various  Exposures  (Sheet  2  of  2) 
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A.  Side  View 

Typical  Failure  of  Notched  Tensile  Specimens  due  to 


B.  Edge  View 

Exposure  Under  Load  in  Hydrogen  Gas 


C.  Side  View  D.  Edge  View 

Failure,  Showing  Longitudinal  Cracks,  of  Notched  Tensile  Specimens 
due  to  Exposure  Under  Load  in  Hydrogen  Gas 

Figure  73.  Photographs  of  Titanium-5Al-2. 5Sn  ELI  Alloy  after  Hydrogen  Gas  Exposures 
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A.  0. 006-Inch  Thick  Base  Metal 
Exposure:  As  Received 
Etchant:  Kroll’s 
Magnification:  250  X 


B.  0. 006-Inch  Thick  Base  Metal 

Exposure:  400®F  for  100  Hours  in  Air 
Etchant:  Kroll’s 
Magnification:  250  X 


C.  0.  006-Inch  Thick  Base  Metal 
Exposure:  600®F  for  100  Hours 
in  Air 
Etchant:  Kroll’s 
Magnification:  250  X 


D.  0.006-Inch  Thick  Base  Metal 

Exposure:  800®F  for  100  Hours  in  Air 
Etchant:  Kroll’s 
Magnification:  250  X 


Figure  74.  Photomicrographs  of  Titanium-5Al-2. 5Sn  ELI  Sheet  Material  (Sheet  1  of  3) 
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E.  0.  013 -Inch  Thick  Base  Metal 
Exposure:  As  Received 
Etchant:  Kroll*  s 
Magnification:  250  X 


in  Air 


Etchant:  Kroll'  s 
Magnification:  250  X 


H.  0.  013-Inch  Thick  Base  Metal 
Exposure:  800°F  for  100  Hours 
in  Air 

Etchant:  Kroll'  s 
Magnification:  250  X 


G.  0.  0013-Inch  Thick  Base  Metal 
Exposure:  600°  F  for  100  Hours 
in  Air 

Etchant:  Kroll'  s 
Magnification:  250  X 


r  ■ 


Figure  74.  Photomicrographs  of  Titanium-5Al-2.  5Sn  ELI  Sheet  Material  (Sheet  2  of  3) 
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J.  0.  013-Inch  Thick  Base  Metal 
Exposure;  400°  F  for  5  Hours 
in  0. 1  psig  H2 
Etchant:  Kroll'  s 
Magnification:  250  X 


I.  0. 013-Inch  Thick  Base  Metal 
Exposure*  As  Received 
Etchant:  Kroll'  s 
Magnification:  250  X 


K.  0.  013-Inch  Thick  Base  Metal 
Exposure;  400°  F  for  5  Hours 
in  1.  0  psig  H2 
Etchant:  Kroll'  s 
Magnification:  250  X 


L.  0. 013-Inch  Thick  Base  Metal 
Exposure:  400°F  for  5  Hours 
in  15.  0  psia  H2 
Etchant:  Kroll'  s 
Magnification:  250  X 


Figure  74.  Photomicrographs  of  Titanium-5A1  -2.  5Sn  ELI  Sheet  Material  (Sheet  3  of  3) 
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Table  3.  Inert-Arc  Straight-Line  Fusion  Weld  Schedules 
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Thermal  Exposure 
2000°F  for  100 
Hours  in  Air 
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♦Specimen  failed  during  exposure. 


Table  4.  (Cent) 

Notch  Tensile  Weld 

'Pest  Strength  Notch/Unnotched  Tensile  Weld  Joint 

Exposure  Temp  F^y  F^u  Elongation  (Kt  =  6.3)  Tensile  Strength  Strength  Elongation  Efficiency 

Condition _ {°F)  (ksi)  (ksi)  (%) _ (ksi) _ Ratio _ (ksi) _ (%) _ (%) 
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Oxidation,  l.Opsig  75  112 

O2  at  1600°F  for  75  113 

100  Hours  75  112 

75  109 
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♦Specimen  failed  during  exposure. 


Spalling,  0. 1  psig  75  101 

Og  75°F  to  1800°F  75  104 

100  Cycles  at  75  103 

30  minutes/cycle  75  105 

75  108 
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Thermal  Exposure,  75  36.7  81.4 
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Table  5.  (Cent) 

Notch  Tensile  Weld 

■pest  Strength  Notch/Unnotched  Tensile  Weld  Joint 

Exposure  Temp  Ftu  Elongation  (K^  =  6.3)  Tensile  Strength  Strength  Elongation  Efficiency 

Condition  (°F)  (kS)  (ksi)  (%)  (ksi)  Ratio  (ksi)  (%)  (%) 
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Oxidation,  l.Opsig 
Og  at  1600°F  for 
100  Hours 


tr- 

o 

CO 

lO 

®  I 

[t~ 

CVI 

1—4 

1^  1 

1 

1—4 

(M 

05 

05 

05 

tr- 

00 

(N 

«S| 

105 

CO 

CO 

CO 

(M 

CO 

CO 

LO 

lO 

CO 

lO 

lO 

CO 

CO 

o 

CO 

00 

05 

05 

05 

05  1 

lo5 

00 

00 

00 

00 

00  1 

1  00 

00 

00 

00 

00 

00 

00 

00 

00 

l>  1 

1 1> 

LO  LO  m  LO  LO 
D-  l>  t> 


LO  lO  LO  lO  lO 
t>- 


lO  lO  lO  lO  lO 
t>  t>  t>  l> 


lO  lO  LO  LO  lO 


bc 

> 

bC 

bC 

> 

be 

*fH 

be 

> 

.SP 

be 

> 

< 

cn 

< 

CQ 

< 

CQ 

< 

a 

a  u 

a  H 

fH 

c2 

o  <2, 

^  cO 

• 

O 

fH 

rH* 

O  fH 

a 

o 

•fH 

c3 

T3 

X 

o 


o 

o 

o 

ao 


CQ 

^  o 

N  § 

O  r-i 


o 

•fH 

'M 

oi 

T3 

•fH 

X 

O 


o 

o 

00 


cn 

o 

!I3 


N  § 

o  *— • 


o 

ts 

T3 

•fH 

X 

O 


<D 

O 

O 

(M 


d 


CO 

o 

K 


<NO 


133 


Table  5.  (Cont) 

Notch  Tensile  Weld 

Test  Strength  Notch/Unnotched  Tensile  Weld  Joint 

Exposure  Temp  Fty  Elongation  (Kt  =  6.3)  Tensile  Strength  Strength  Elongation  Efficiency 

Condition  (®F)  (ksi)  (ksi)  (%)  (ksi)  Ratio  (ksi)  (%)  (%) 
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Spalling,  0. 1  psig  75  91.1 

O2  75°F  to  1800°F  75  91.3 

100  Cycles  at  75  89.0 

30  minutes/cycle  75  90.0 

75  90.0 


CO 

10 

CO 

CX) 

CO 

rH 

CO 

0 

0 

0 

r-i 

CO 

T— 1 

Oi 

05 

05 

05 

05 

05 

LO  LO  IC  LO  LO 

r>  o 


CQ 

(D 


bX)  pLH  O 
Co  >. 
^  O 

0,^0 

CO  O 


CQ 

0) 

c 

c 


o 

CO 


bl) 

> 

< 


135 


Table  6.  Tensile  Properties  of  Titanium-13V-llCr-3Al  Alloy  (0.005-In.  Thickness) 

Notch  Tensile  Weld 

Test  Strength  Notch/Unnotched  Tensile  Weld  Joint 

Exposure  Temp  F^y  Elongation  (Kt  =  6. 3)  Tensile  Strength  Strength  Elongation  Efficiency 

Condition  (°F)  (ksi)  (ksi)  (%)  (ksi) _ _ (%) _ 
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Thermal  Exposure,  75  220  230 

SOO^F  for  100  75  228  240 

Hours  in  Air  75  233  247 

75  229  242 


I> 

Oi 


CO 


o 

00 


o 

o 

LO 

lO 

O 

IQO 

O 

LO 

lO 

O 

l°°. 

LO 

o 

o 

o 

1'°. 

CO 

<N 

(M 

cq 

l<N 

rH 

(N 

CO 

CO 

1(N 

o 

CO 

tH 

(N 

CO 

(N 

<Ji 

|<N 

(N 

00 

(N 

LO 

CO 

ICi 

CO 

O 

Oi 

(00 

LO 

LO 

lO 

LO 

LO 

CO 

LO 

LO 

(N 

(N 

CO 

fH 

rH 

iH 

tH 

iH 

1 

rH 

iH 

rH 

iH 

rH 

1  rH 

rH 

rH 

rH 

rH 

IrH 

<N 

Oi 

o 


05 

O 

CO 

CO 

|(N 

00 

05 

CO 

LO 

CO 

<N 

o 

O 

rH 

CO 

(N 

<N 

CO 

l> 

l> 

CO 

CO 

o 

CO 

00 

h> 

rH 

rH 

rH 

tH 

rH 

IrH 

rH 

rH 

rH 

rH 

rH 

1  rH 

rH 

rH 

rH 

rH 

rH 

IrH 

lO 

o 

lO 

o 

o 

1® 

o 

o 

LO 

lO 

lO 

rH 

O 

lO 

O 

lO 

O 

lO 

O 

LO 

o 

lO 

lO 

rH 

(N 

CO 

loo 

CO 

<Ji 

I> 

CO 

CO 

00 

00 

CO 

lO 

05 

05 

00 

00 

00 

rH 

rH 

rH 

rH 

rH 

rH 

iH 

rH 

rH 

rH 

rH 

CO 

t> 

CO 

00  1 

ICO 

CO 

CO 

00 

05 

05  1 

IIO 

CM 

CO 

CO 

00 

00  1 

ICO 

lO 

LO 

lO 

LO 

LO 

LO 

LO 

lO 

LO 

LO 

Tf 

LO 

00 

00 

00 

00 

00 

00 

CM 

ICM 

rH 

rH 

tH 

iH 

rH  1 

IrH 

rH 

rH 

tH 

iH 

rH  1 

1  rH 

tH 

iH 

iH 

tH 

iH  1 

IrH 

CO 

105 

O 

00 

05 

^  1 

|05 

iH 

CM 

1 

rH 

CO 

CO 

l>  1 

llO 

CO 

CM 

lO 

LO 

LO 

LO 

lO 

lO 

t> 

I> 

Ir- 

CM 

ICM 

iH 

tH 

rH 

iH 

rH  1 

IrH 

rH 

rH 

rH 

rH 

rH  1 

liH 

iH 

iH 

iH 

rH 

rH  1 

1  »H 

LO 

LO 

lO 

LO 

LO 

LO 

lO 

lO 

LO 

lO 

LO 

LO 

LO 

LO 

LO 

lO 

o 

r> 

o 

bc 

> 

< 


> 


CQ 

Q) 


'o  Ph 

u  § 

—  ^ 
rt  _  o 

S  °  >> 

«  r  o 

^  lO  o 

t>  I— I 


<D 

^  o 

^  o 


< 

CO 

0) 


CO  ^ 


cc3 


H 


o 

O 

o 

o 


> 

< 


3 

U 


a 


u 

<D 

H 


o 

o 

00 


CO 

0 

7) 

>> 

U 

o 

o 


bo 

> 

< 


137 


Table  6.  (Cent) 

Notch  Tensile  Weld 

'j'es^  Strength  Notch/Unnotched  Tensile  Weld  Joint 

Exposure  Temp  Fty  Elongation  (Kt  =  6.3)  Tensile  Strength  Strength  Elongation  Efficiency 

Condition  (®F)  (ksi)  (ksi)  (%)  (ksi)  Ratio  (^si) _ (%) _ (%) 
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Table  7.  Tensile  Properties  of  Titanium- 13V- llCr -3 A1  Alloy  (0.  010-In.  Thickness) 

Notch  Tensile  Weld 

Test  Strength  Notch/Unnotched  Tensile 

Exposure  Temp  F^u  Elongation  (Kt  =  6.3)  Tensile  Strength  Strength  Elongation  Efficiency 

Condition  (*F)  (ksi)  (ksi)  (%)  (ksi)  Ratio  (ksi)  (%)  (%) 
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Table  7 .  (Cent) 

Notch  Tensile  Weld 

Test  Strength  Notch/Unnotched  Tensile 

Exposure  Temp  F^y  Ftu  Elongation  (K^  =  6.3)  Tensile  Strength  Strength  Elongation  Efficiency 

Condition  fF)  (ksi)  (ksi)  (%)  (ksi) _ Ratio _ {%) _ {%) 
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Failed  during  thermal  cycle. 


Table  9.  (Cent) 

Notched  Tensile  Weld 

Test  Strength  Notch/Unnotched  Tensile  Weld  Joint 

Exposure  Temp  F^y  Elongation  (K^  =  6.3)  Tensile  Strei^th  Strength  Elongation  Efficiency 

Condition  (“F)  (ksi)  (ksi)  (%)  (ksi)  Ratio  (ksi)  (%)  (%) 
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Oxidation,  0, 1  psig  -320  262 

O2  at  600“F  for  -320  259 

100  Hours  -320  262 
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♦Failed  during  thermal  cycle. 


Table  10.  Tensile  Properties  of  Type  301  Stainless  Steel  (0.  006-In.  Thickness) 

Notched  Tensile  Weld 

Test  Strength  Notch/Unnotched  Tensile 

Exposure  Temp  F^y  Elongation  (K^  =  6.3)  Tensile  Strength  Strength  Elongation  Efficiency 

Condition  fF)  (ksi)  (ksi)  (%)  (ksi)  Ratio  (ksi)  (%)  (%) 
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^Fractured  outside  gauge  marks. 


Table  10.  (Cent) 

Notched  Tensile  Weld 

Test  Strength  Notch/Unnotched  Tensile 

E;q)osure  Temp  F^y  Elongation  (Kt  =  6.3)  Tensile  Strength  Strength  Eloi^ation  Efficiency 

Condition  fF)  (ksi)  (ksi)  (%)  (ksi)  Ratio  (ksi)  (%)  (%) 
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Oxidation,  0. 1  psig  -320  340 

O2  at  600°F  for  -320  326 

100  Hours  -320  335 
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Avg.  270 


Table  11.  Tensile  Properties  of  Type  301  Stainless  Steel  (0.  010-In.  Thickness) 
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Thermal  Exposure,  -320  298  328 

600°F  for  100  -320  298  316 

Hours  in  Air  -320  301  321 

-320  303  323 
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♦Fractured  outside  gauge  marks. 


Table  11.  (Cont) 

Notch  Tensile  Weld 

Test  Strength  Notch/Unnotched  Tensile  Weld  Joint 

Exposure  Temp  Elongation  (K^  =  6.3)  Tensile  Strength  Strength  Elongation  Efficiency 

Condition  ("F)  (ksi)  (ksi)  (%)  (ksi)  Ratio  _ (ksi) _ (%) _ (%) 
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Table  12.  Fatigue  Properties  of  Type  301  Stainless  Steel  (0.010-In,  Thickness) 
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Table  13.  Crack  Propagation  Properties  of  Type  301  Stainless  Steel  (0.010-In.  Thickness) 

Initial  Critical  Gross  Net  Strain  Energy 

Test  Width/  Notch  Critical  Crack  Stress-  Stress-  Fracture  Release 
Exposure  Temp  Thickness  Length  Load  Length-2a  CTq  ctj^  Toughness-KQ  Rate-Gc^ 

Condition  Direction  (®F)  (In.)  (hi.)  (lb) _ (In.) _ (ksi)  (ksi) _ (ksi/ln.)  (In.  lb/ In.  ) 
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Table  14.  Tensile  Properties  of  Titanium-5Al-2.  5Sn  ELI  Alloy  (0.006-In.  Thickness) 

Notch  Tensile  Weld 

Test  Strength  Notch/Unnotched  Tensile  Weld  Joint 

Exposure  Temp  F^y  F^^  Elongation  (Kt  =  6.3)  Tensile  Strength  Strength  Elongation  Efficiency 

Condition  (®F)  (ksl)  (ksi)  {%)  (ksi)  Ratio  (ksi)  (%)  {%) 
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Thermal  Exposure,  -423  204  219  12.0 

eOO'F  for  100  -423  201  218 

Hours  in  Air  -423  201  214  5, 0 

-423  205  221  13.0 
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vg.  214  225  7.1  232  1.03  226  4.0  100 


Table  14.  (Cent) 

Notch  Tensile  Weld 

"Pegt  Strength  Notch/Unnotched  Tensile  Weld  Joint 

Exposure  Temp  F  Ftu  Elongation  (Kt  =  6.3)  Tensile  Strength  Strength  Elongation  Efficiency 

Condition  (*F)  (ksi)  (ksi)  (%)  (ksi)  Ratio _ (ksi) _ (%) _ (%) 
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Oxidation,  0. 1  psig  -423  220 

O2  at  600®F  for  -423  229 

100  Hours  -423  228 

-423  252 
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Thermal  Exposure,  -423  209  221  10.0 

600®F  for  100  -423  217  236  14. 0 

Hours  in  Air  -423  211  232  12.5 

-423  211  228  4.0 
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Avg.  192 


Table  15.  (Cent) 

Notch  Tensile  Weld 

Strength  Notch/Unnotched  Tensile  Weld  Joint 

Exposure  Temp  F^y  F^u  Elongation  (Kt  =  6.3)  Tensile  Strength  Strength  Elongation  Efficiency 

Condition  fF)  (ksi)  (ksi)  (%)  (ksi) _ Ratio _ (ksi) _ (%) _ (%) 
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Hydrogen  Exposure,  -423  217 
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Table  15.  (Cent) 

Notch  Tensile  Weld 

Test  Strength  Notch/Unnotched  Tensile  Weld  Joint 

Exposure  Temp  F^y  F^u  Elongation  (Kt  =  6.3)  Tensile  Strength  Strength  Elongation  Efficiency 

Condition  (*F)  (ksi)  (ksi)  (%)  (ksi)  Ratio  (ksi)  (%)  (%) 
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Hydrogen  Exposure,  -423  227 

0. 1  psig  Hg  at  -423  223 

600®F  for  300  -423  234 

minutes  -423  229 
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Table  15.  (Cent) 

Notch  Tensile  Weld 

■pest  Strength  Notch/Unnotched  Tensile  Weld  Joint 

Exposure  Temp  F^y  Elongation  (Kt  =  6.3)  Tensile  Strength  Strength  Elongation  Efficiency 

Condition  fF)  (ksi)  (ksi)  (%)  (ksi)  Ratio  (ksi) _ (%) _ {%) 
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ALL  SPECIMENS  FAILED  AFTER  150  MINUTES  EXPOSURE  TIME 
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Table  16.  Fatigue  Properties  of  Titanium-5Al-2.  5Sn  ELI  Alloy  (0.013-In.  Thickness) 
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1  Long.  -423  F-18  0-200  1756  Failed  in  end  doubler 

1  Long.  -423  F-19  0-200  790  FaUed  in  weld 

1  Long.  -423  F-20  0-200  1504  Failed  in  weld 

Avg.  1350  222 
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Thermal  Exposure,  Long.  -423  4.000/0.0130  1.25  3090  1.34  59.5  89.4  91.1  456 
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Initial  Critical  Gross  Net  Strain  Energy 

Test  Width/  Notch  Critical  Crack  Stress-  Stress-  Fracture  Release 

Exposure  Temp  Thickness  Length  Load  Length-2a  Toughness-K^  Rate-G^^ 

Condition  Direction  (®F)  (to*)  (1^)  (to.)  (ksi)  (ksi)  (ksi\/ln.)  (In.  Ib/ln.  ) 
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Avg.  3.992/0.0129  1.26  2779  1.45  54.0  84.6  86.3 


Hydrogen  Exposure,  Long.  -423  3.990/0.0127  1.23  2865  1.35  56.5  85.5  86.7  413 
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